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The RAND Corporat ion i s  c u r r e n t l y  engaged i n  a program of  

r e s e a r c h  on s a t e l l i t e  meteorology under NASA Con t rac t  NASr-21(07). 

A s  p a r t  of t h e  program s tudying  t h e  s c i e n t i f i c  u t i l i z a t i o n  of 

me teo ro log ica l  s a t e l l i t e  d a t a  and t h e  i n p l i c a t i o n s  of new techniques  

and measurements t o  meteoro logica l  sa te l l i t e  development, RAND i s  

examining t h e  informat ion  content  of s a t e l l i t e - d e r i v e d  cloud 

photography. 

au tomat ic  p a t t e r n  r ecogn i t ion  of such photography. It  c o n s t i t u t e s  

a f i r s t  s t e p  i n  what i s  hoped w i l l  be a con t inua t ion  and en la rge -  

ment of t h i s  e f f o r t  by o t h e r s  with more d i r e c t  and immediate 

i n t e r e s t s ,  and wi th  l a r g e r  c a p a b i l i t i e s  f o r  c a r r y i n g  on i n v e s t i g a -  

t i o n s  of t h i s  na tu re .  

T h i s  Memorandum desc r ibes  r e sea rch  performed i n  

While much of t h e  meteoro logica l  s i g n i f i c a n c e  and meaning of 

s p e c i f i c  c loud  p a t t e r n s  seen  i n  s a t e l l i t e  photography remains t o  be 

d i scove red ,  i t  i s  t h e  consensus of many i n v e s t i g a t o r s  t h a t  t h e s e  

p a t t e r n s  a r e  r e l a t e d  t o  va r ious  synop t i c - sca l e  weather  f e a t u r e s ,  and 

as such may become i n c r e a s i n g l y  u s e f u l  as d i a g n o s t i c  t o o l s  t o  

supplement convent iona l  weather  a n a l y s i s  methods. 
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SUMMARY 

The q u a n t i t a t i v e  c h a r a c t e r i s t i c s  of c loud p a t t e r n s  were s t u d i e d  

by determining c m o n  a t t r i b u t e s  of s e v e r a l  p a t t e r n  classes.  Some 

L- 'mechanical procedures f o r  au tomat ica l ly  recogniz ing  and c l a s s i f y i n g  

s p e c i f i c  c loud p a t t e r n s  from s a t e l l i t e  photography a re  d e s c r i b e d  and 

several  d a t a  r e d u c t i o n  tyansformations t h a t  have d e t e c t e d  and i s o l a t e d  

c e r t a i n  c h a r a c t e r i s t i c s  i n  which cloud "streets" d i f f e r  from randomly 

placed cloud elements  are d e t a i l e d .  

a u t o m a t i c a l l y  determining g loba l  c loud cover from s a t e l l i t e  photography 

i s  a l s o  d iscussed .  

/ 
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An approach t o  t h e  problem of  
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I. INTRODUCTION 

The launch of t h e  f i r s t  of  the  h igh ly  s u c c e s s f u l  s e r i e s  of TIROS 

me teo ro log ica l  s a t e l l i t e s  on A p r i l  1, 1960, added a new dimension t o  

t h e  observa t ions  and d a t a  c o l l e c t i o n  of m e t e o r o l o g i s t s .  Never b e f o r e  

had they been a b l e  t o  sense  and v iew.mani fes ta t ions  of  a tmospheric  

processes  on such a l a r g e ,  and yet  d e t a i l e d  s c a l e  as t h a t  allowed 

by t h e  p i c t o r i a l  r e t u r n s  of  t h e  e a r t h ' s  cloud cover.  

Today, four  and one-half  years  and e i g h t  s a t e l l i t e s  l a t e r ,  more 

than  300,000 t e l e v i s i o n  p i c t u r e s  have been t r a n s m i t t e d  t o  ground 

readout  s t a t i o n s .  I n  August, 1964, t h e  Nimbus I exper imenta l  s a t e l l i t e  

was launched, and al though ope ra t ive  f o r  l e s s  than  4 weeks, it was 

a b l e  t o  t r ansmi t  t o  e a r t h  some 27,000 p i c t u r e s ,  o r  about 1,000 a day. 

Th i s  i s  only t h e  beginning,  f o r  t h e r e  w i l l  be more s a t e l l i t e s  

launched, and w i t h i n  a few yea r s  a t r u l y  o p e r a t i o n a l  me teo ro log ica l  

s a t e l l i t e  sys t em w i l l  become a r e a l i t y ,  un leash ing  a cont inuous f lood  

of p i c t u r e s .  I n  a d d i t i o n ,  t h e  prospect  of having more than  one 

sa te l l i t e  i n  ope ra t ion  a t  a l l  t imes,  each possess ing  g r e a t e r  sensory 

c a p a b i l i t i e s  than are now a v a i l a b l e ,  makes i t  apparent  t h a t  t h e  

a c q u i s i t i o n  of p i c t u r e s  (as  w e l l  as o the r  d a t a )  may w e l l  t ake  p l ace  

a t  a r a t e  f a r  exceeding our a b i l i t y  t o  handle ,  communicate, and 

ana lyze  them. So  it  i s  t h a t  no t  only have new methods g r e a t l y  

advanced t h e  rates and amounts of d a t a  t h a t  can be acqui red ,  bu t  a t  

t h e  same t i m e  a c c e l e r a t i n g  advances i n  meteoro logica l  r e sea rch  are 

caus ing  ever  i n c r e a s i n g  demands t o  be made on t h e  ra te  a t  which t h e  

accumulated d a t a  a r e  converted i n t o  usable  information.  

Improvements i n  t ransmiss ion  systems a r i s i n g  from i n c r e a s e s  i n  

t h e  bandwidth of t h e  communication l i n k  or  from i n c r e a s i n g  t h e  number 

of ground readout  s t a t i o n s  are more than  l i k e l y  t o  be only minor r e l i e f  

from an  inhe ren t  weakness i n  t h e  t o t a l  system, and may f a i l  t o  b r i n g  

abou t  a match among p o t e n t i a l  r a t e s  of d a t a  c o l l e c t i o n ,  t ransmiss ion ,  

and d i g e s t i o n  by many o rde r s  of  magnitude. A t r a i n e d  observer  

o p e r a t i n g  from a manned s a t e l l i t e  would, by v i r t u e  of h i s  a b i l i t y  t o  

look over ,  s e l e c t ,  and t r ansmi t  information,  as w e l l  as provide a 

coxmnentary about  events ,  g r e a t l y  a l l e v i a t e  many of  t he  d a t a  problems 
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j u s t  mentioned. 

t o  be  a v a i l a b l e  f o r  meteoro logica l  purposes much ea r l i e r  and i n  g r e a t e r  

numbers than manned v e h i c l e s .  The need f o r  r e s e a r c h  aimed a t  providing 

a c a p a b i l i t y  f o r  a l l e v i a t i n g  t h e  l i m i t a t i o n s  o r  i n h e r e n t  c o n s t r a i n t s  

on t h e  amount of  u s e f u l  d a t a  t h a t  a s a t e l l i t e  can send t o  e a r t h  i s  

t h u s  c l e a r l y  i n d i c a t e d .  

However, unmanned v e h i c l e s  w i l l  e v i d e n t l y  cont inue  

The l a r g e  q u a n t i t y  of  p i c t u r e s  t h a t  r e s u l t s  from m e t e o r o l o g i c a l  

s a t e l l i t e  o p e r a t i o n s  and t h e  need f o r  r a p i d  a n a l y s i s  of  t h e  f e a t u r e  

c o n t e n t  of t h e  p i c t u r e s  r e q u i r e s  a h igh  degree of automation i n  t h e  

i n t e r p r e t a t i o n  of  t h e  photography. 

a l l e v i a t e  some o f  t h e  da ta -process ing  problems (e.g., au tomat ic  p i c t u r e  

r e c t i f i c a t i o n ,  mapping, and mosaicking),  o t h e r  a s p e c t s  of d a t a  

processing,  such as t h e  au tomat ic  a n a l y s i s  of  t h e  informat ion  conten t  

of t h e  photography i t s e l f  have rece ived  l i t t l e  a t t e n t i o n .  

While a t t e m p t s  have been made t o  

Only a s m a l l  p o r t i o n  of t h e  informat ion  contained i n  t h e  p i c t u r e s  

( i n  f a c t ,  only a s m a l l  f r a c t i o n  of t h e  p i c t u r e s  so  f a r  accumulated) 

has  been u t i l i z e d .  The sheer  q u a n t i t y  of  p i c t u r e s  r e q u i r i n g  c l o s e  

"looks" i s  c e r t a i n l y  reason  enough f o r  t h i s  s t a t e  of a f f a i r s .  But 

it i s  a l s o  t r u e  t h a t  t h e  informat ion  c o n t e n t  o f  t h e  p i c t u r e s  h a s  n o t  

been e x t r a c t e d  i n  a n  o b j e c t i v e  and s y n o p t i c a l l y  meaningful way t o  

provide a b e t t e r  understanding of t h e  p r o p e r t i e s  of t h e  image t h a t  

make t h e  f i e l d  i n t e r e s t i n g  f o r  m e t e o r o l o g i c a l  purposes.  

Our concern a t  RAND h a s  been w i t h  t h i s  l a t t e r  problem, v i z . ,  t h e  

development of au tomat ic  techniques  f o r  a s s e s s i n g  t h e  informat ion  

c o n t e n t  i n  t h e  f i e l d  of view, w i t h  t h e  u l t i m a t e  o b j e c t i v e  of provid ing  

a system t h a t  can a l l e v i a t e  t h e  heavy burden of a c q u i r i n g ,  t r a n s m i t t i n g ,  

i d e n t i f y i n g  and i n t e r p r e t i n g  d a t a  t h a t  are  i n h e r e n t  i n  any meteorologi-  

ca l  s a t e l l i t e  system. The assessment o f  a n  image r e q u i r e s  t h e  develop- 

ment of techniques f o r  a u t o m a t i c a l l y  and w i t h  l i t t l e  delay d e t e c t i n g  

and recognizing m e t e o r o l o g i c a l l y  s i g n i f i c a n t  c loud p a t t e r n s .  

much of the m e t e o r o l o g i c a l  meaning and s i g n i f i c a n c e  of s p e c i f i c  

c loud  p a t t e r n s  remains t o  be "discovered,"  i t  i s  assumed t h a t  cloud 

p a t t e r n s  as seen from meteoro logica l  s a t e l l i t e  photography d e r i v e  from 

v a r i o u s  synopt ic -sca le  weather f e a t u r e s ,  t h a t  t h e y  are u s e f u l  as 

d i a g n o s t i c  t o o l s  t o  supplement convent iona l  w e a t h e r - a n a l y s i s  methods, 

and i n  f a c t ,  t h a t  t h e s e  may a l s o  be u s e f u l  as f o r e c a s t i n g  t o o l s .  

While 
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A basic problem in automating a cloud pattern is that of 

eliminating the "noise," or unimportant information, while saving 

the information that is pertinent. In meteorology, this problem is 

more complicated than elsewhere, because the pertinent parameters 

do not lend themselves to easy definition. Since the morphological 

classification of clouds is qualitative rather than quantitative, 

and since objective, quantitative information on cloud photography 

would be of value to meteorologists in their efforts to interpret 

picture contents, work was undertaken to extract various sets of 

measurements useful in the description of a given cloud pattern. 

(It is worth noting that the exact pattern of clouds seen on a given 
photograph had never occurred before that picture was taken, and will 

never occur again. However, patterns with the same statistical 

properties may very well occur whenever the gross synoptic pattern is 

the same. Thus small pattern features may provide information about 

conditions over larger areas.) 
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11. CLOUD PATTERN SAMPLES AND GENERATION OF DIGITAL DATA 

Data r e d u c t i o n  and t e s t i n g  of t h e  r e c o g n i t i o n  schemes t o  be  

descr ibed  i n  l a t e r  s e c t i o n s  were made from c l o u d - p a t t e r n  samples 

chosen from t h e  narrow-angle photographs from TIROS I ,  which 

o f f e r e d  p i c t u r e s  having  r e s o l u t i o n s  approximately one order  of 

magnitude h igher  than  d i d  t h e  wider-angle  camera. Too, w e  were 

t e s t i n g  p a t t e r n  f i e l d s  t h a t  were e s s e n t i a l l y  homogeneous t o  t h e  

eye  (i.e.,  having b u t  one p a t t e r n ) ,  s o  t h a t  even w i t h  t h e  narrow- 

a n g l e  photography, only a p o r t i o n  of t h e  p i c t u r e  w a s  u t i l i z e d .  

S e v e r a l  dozen samples of t r a n s p a r e n c i e s  c o n t a i n i n g  p a t t e r n s  of  

(1) seemingly randomly spaced and s i z e d  cloud c e l l s ,  and (2) cloud 

bands o r  s t ree ts  were s e l e c t e d  (for  i d e n t i f i c a t i o n  purposes,  w e  

a r b i t r a r i l y  c a l l e d  t h e  former CUMULUS CELLS o r  CUCL, and t h e  la t ter  

STRATOCUMULUS STREETS STRAIGHT o r  SCSS). The only r e s t r i c t i o n s  t o  

sample s e l e c t i o n  were t h a t  t h e  p i c t u r e s  c o n t a i n  no confusing back- 

ground t e r r a i n ,  t h a t  t h e  viewing angle  be  w i t h i n  approximately 20 

degrees  of t h e  n a d i r  a n g l e  (no d i s t o r t i o n  problem), and t h a t  they  

d i s p l a y  a reasonable  degree of c o n t r a s t ,  o r  d e n s i t y  range. Each 

t ransparency was reduced o r  en larged  t o  0.75 by 0.75 inch ,  as necessary.  

The p i c t u r e s  were then  converted t o  d i g i t a l  d a t a  on t a p e  f o r  

f u r t h e r  processing u s i n g  t h e  IBM 7090 d i g i t a l  computer. The conversion 

process  was accomplished by g e n e r a t i n g  a n  e l ec t r i ca l  ana log  of  t h e  

gray tones i n  t h e  image. A cathode-ray tube  used as a f l y i n g - s p o t  

l i g h t  source (approximately 2.5 m i l s  i n  d iameter )  was s u c c e s s i v e l y  

focused on t h e  t ransparency  and moved i n c r e m e n t a l l y  t o  cover t h e  

e n t i r e  area.  L ight  pass ing  through t h e  t ransparency  impinged on a 

photomul t ip l ie r ,  g e n e r a t i n g  a s i g n a l  t h a t  w a s  p r o p o r t i o n a l  t o  t h e  

t r a n s m i s s i v i t y  of t h e  f i lm.  Analog t o  d i g i t a l  conversion reduced 

t h e  s i g n a l  b r i g h t n e s s  v a l u e s  t o  a 64-shades-of-gray scale. The 

va lues  were then  s t o r e d  on t a p e  i n  such a n  o r d e r  as t o  a l low each 

s p o t  t o  be r e l a t e d  t o  i t s  o r i g i n a l  p o s i t i o n  on t h e  image. 

p i c t u r e  inpu t  t o  t h e  d a t a  r e d u c t i o n  o p e r a t i o n s  t h a t  fol low i s ,  

t h e r e f o r e ,  a l a r g e  s e t  of  real  numbers, namely t h e  image i n t e n s i t i e s  

a t  approximately 100,000 r e s o l v a b l e  s p o t s .  

Each 
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111. GENERAL OUTLINE OF A HYPOTHETICAL PATTERN 

RECOGNITION SCHEME USING METEOROLOGICAL 

SATELLITE CLOUD PHOTOGRAPHY 

L e t  us  imagine t h a t  t h e r e  i s  a s e t  of c loud-pa t t e rn  p i c t u r e s  

and a c o l l e c t i o n  of sub-c lasses  named i n  advance, d i s t i n g u i s h e d  

i n  such a way t h a t  each p i c t u r e  belongs t o  e x a c t l y  one c l a s s .  

Fu r the r ,  l e t  us  suppose t h a t  a consensus of me teo ro log i s t s  can 

c l a s s i f y  any p i c t u r e  from t h i s  set c o r r e c t l y .  The problem then ,  i s  

t o  s p e c i f y  some mechanical procedure f o r  r e a l i z i n g  comparable 

au tomat ic  c l a s s i f i c a t i o n .  

The mechanical process  can be d iv ided  i n t o  two s t a g e s  (always 

concep tua l ly ,  and u s u a l l y  i n  p r a c t i c e  as w e l l ) ;  one process  w e  

c a l l  t h e  d a t a  r educ t ion  stage, and t h e  o the r  process  w e  c a l l  the 
d e c i s i o n  stage. I n  t h e  f i r s t  stage, t e s t s  are  made or  f e a t u r e s  a r e  

e x t r a c t e d  t h a t  w e  hope a r e  s i g n i f i c a n t .  These reduced d a t a  or  

f e a t u r e s  are s t i l l  expected t o  d i sp l ay  t h e  important  d i s t i n c t i o n s  

between t h e  c l a s s e s .  

I n  t h e  second s t a g e ,  t h e  reduced d a t a  would become the .a rguments  

of a s e t  of dec i s ion  func t ions  whose va lues  are used t o  p a r t i t i o n  t h e  

sample space and provide our guess a t  an unknown's i d e n t i t y .  

t h e  d a t a  are s ta t i s t ica l  v a r i a b l e s ,  f o r  example, t h e  dec i s ion  

func t ions  may be l i k e l i h o o d  func t ions  f o r  t h e  c l a s s e s ,  and t h e  

p a r t i t i o n i n g  may be i n t o  r eg ions  where each l i k e l i h o o d  func t ion  i s  

a maximum. 

and t h e  d e c i s i o n  func t ions  may be Boolean func t ions  corresponding t o  

a d e c i s i o n  t r e e ,  as i n  Ref. 

When 

A t  t h e  o the r  extreme, t h e  d a t a  may be pure ly  q u a l i t a t i v e ,  

(1). 
I n  o rde r  t o  reach  a p r a c t i c a l  s o l u t i o n  t o  t h e  p a t t e r n  r e c o g n i t i o n  

problem, both s t a g e s  w i l l  have t o  be  d e a l t  w i th ,  and i d e a l l y  i t  

might be b e s t  t o  cons ider  them simultaneously,  thereby  deducing t h e  

optimum combination of d a t a  reduct ion  and dec i s ion .  

However, w e  b e l i e v e  t h a t  our most p r e s s i n g  and d i f f i c u l t  t a s k  

i s  t o  assemble an appropr i a t e  set of measurements or t e s t s ,  t h a t  

t aken  t o g e t h e r ,  are adequate  t o  c l a s s i f y  samples wi th  accep tab le  

accuracy.  Th i s  resembles t h e  main problem conf ron t ing  r e s e a r c h e r s  
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i n  v o i c e  and c h a r a c t e r  r e c o g n i t i o n ,  f o r  example. The d e c i s i o n  

problem i t s e l f  i s  o f t e n  f a r  from t r i v i a l  however, e s p e c i a l l y  i n  

p r a c t i c a l  a p p l i c a t i o n s  where t h e  measurements r a r e l y  f i t  a convenient  

model. Despite such inconveniences,  d e c i s i o n  r u l e s  can be formulated 

whose performance, i f  n o t  opt imal ,  i s  a t  least p r a c t i c a l l y  u s e f u l .  

I n  t h i s  r e p o r t ,  t h e r e f o r e ,  w e  cons ider  only t h e  processes  of  t h e  

da ta - reduct ion  s t age .  The c o n t r i b u t i o n s  presented  h e r e  are germane 

t o  two problem a r e a s  i n  s a t e l l i t e  meteorology: t h e  p a t t e r n  r e c o g n i t i o n  

problem a s s o c i a t e d  w i t h  a t t e m p t s  t o  reduce t h e  b u l k  of  d a t a  and 

e l i m i n a t e  redundancy, and t h e  problem of q u a n t i t a t i v e l y  d e s c r i b i n g  

and  c h a r a c t e r i z i n g  t h e  image i n  order  t o  a i d  i n  t h e  a n a l y s i s  and 

i n t e r p r e t a t i o n  of s a t e l l i t e  photography. 
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I V .  CLASS DESCRIPTION 

A class can be desc r ibed  (at least  t o  a g r e a t  e x t e n t )  by a mixture  

of t h e  fo l lowing  two extreme kinds of in format ion .  

On one hand, t h e r e  may be a l i s t  of f e a t u r e s  guaranteed t o  

s e p a r a t e  t h e  c l a s s e s  l o g i c a l l y  and a s e t  of r u l e s  f o r  d i s t i n g u i s h i n g  

t h e  c l a s s e s  once each f e a t u r e  has  been t e s t e d  f o r .  A t  a s l i g h t  

remove, t h e  f e a t u r e s  may be present  i n  some degree,  r a t h e r  t han  p resen t  

o r  n o t ,  bu t  aga in  a reasonably d i r e c t  and r e l i a b l e  c l a s s i f i c a t i o n  can 

b e  made from a complete set  of f ea tu re s .  

On t h e  o the r  hand, one can imagine t h e  c l a s s e s  be ing  s p e c i f i e d  

d i r e c t l y  i n  t e r m s  of a l i s t  ( f i n i t e  or  i n f i n i t e )  of a l l  those  members 

(e.g., t h e  names of cloud types )  belonging t o  each one, as i n  t h e  case  

of s o c i a l  c lubs  or  p o l i t i c a l  p a r t i e s .  These are connot ive--denot ive 

d e s c r i p t i o n s .  

I n  e i t h e r  of t h e s e  cases ,  where t h e  c l a s s e s  are completely 

s p e c i f i e d ,  t he  problems of i n t e r e s t  i n  developing t h e  p a t t e r n - r e c o g n i t i o n  

system become combina tor ia l  choices  of speed, convenience,  and t h e  

e r r o r  r a t e  of  d i f f e r e n t  da ta - reduct ion  and d e c i s i o n  methods, 

p a r t i c u l a r l y  when some of t h e  a v a i l a b l e  informat ion  has  been 

r e l i n q u i s h e d  i n  r e t u r n  f o r  g r e a t e r  speed o r  ease of mechanization. 

Sometimes, and t h i s  ho lds  for  our problem, one has  no complete 

d e s c r i p t i o n  i n  e i t h e r  s ense ,  bu t  only p a r t i a l  in format ion .  We have 

rough t h e o r e t i c a l  (connotive) con t r ibu t ions  t o  d e s c r i p t i o n s  of  our 

c l a s s e s  and a small number of samples, t oo  few t o  c o n t r i b u t e  much 

t o  t h e  denot ive  d e s c r i p t i o n .  Furthermore , our samples are t y p i c a l  

on ly  i n  t h e  way i n  which museum specimens of mine ra l s  are t y p i c a l :  

t hey  embody what a r e  thought t o  be the  important  c h a r a c t e r i s t i c s  of 

t h e  c l a s s e s  i n  very s t r i k i n g  form. One should no t  be t o o  d isappoin ted  

i f  mine-run samples are n o t  as easy t o  c l a s s i f y  accu ra t e ly .  

Although d e s c r i p t i o n s  f o r  our CUCL and SCSS p a t t e r n  c l a s s e s  

remain q u a l i t a t i v e ,  they have been c o n s i s t e n t l y  c l a s s i f i e d  by 

me teo ro log i s t s  a t  RAND; they do con ta in  c l u e s  t o  f e a t u r e s  t h a t  an 

au tomat i c  system should be designed t o  e x t r a c t .  

sugges t  and i n v e s t i g a t e  mechanical procedures f o r  comparable, au tomat ic  

c l a s s i f i c a t i o n .  

The problem i s  t o  
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V. DATA REDUCTION 

If the  machines had un l imi t ed  c a p a c i t y  f o r  s t o r i n g  d e s c r i p t i o n s  

of t h e  c l a s s e s  t o  be d i s t i n g u i s h e d ,  o r  i f  un l imi t ed  t i m e  were a v a i l a b l e ,  

t h e  da t a - r educ t ion  phase would be unnecessary,  and c l ean ,  n o i s e - f r e e  

p i c t u r e s  could be fed d i r e c t l y  t o  t h e  d e c i s i o n  mechanism. I n  our 

c a s e ,  however, t h e  number of i npu t  p i c t u r e s  i s  s u f f i c i e n t l y  l a r g e  

t o  demand some p re l imina ry  d a t a  r e d u c t i o n  o r  f e a t u r e  e x t r a c t i o n .  

That i s ,  t h e  very  h igh  dimensional sample space  i s  mapped onto  a 

few low dimensional f e a t u r e  spaces  wi th  as l i t t l e  informat ion  l o s s  

as p r a c t i c a l .  A s  t h i s  language sugges t s ,  t h e s e  reduced d a t a  o r  

f e a t u r e s  a r e  expected t o  cont inue  t o  embody t h e  d i s t i n c t i o n s  among 

t h e  c l a s s e s .  One of  t h e  major t a s k s  i s  t h a t  of  choosing such opera- 

t i o n s  as w i l l  p r e se rve  t h e s e  d i s t i n c t i o n s  wh i l e  a t  t h e  same t i m e  

mapping t h e  images onto  a r e s t r i c t e d  set of o u t p u t s  i n  o rde r  t o  

.minimize any work t h a t  may be done la ter  i n  t h e  d e c i s i o n  phase. 

The kinds of mapping comprising t h e  d a t a - r e d u c t i o n  phase are 

sugges ted  by q u a l i t a t i v e  d e s c r i p t i o n s  of  t h e  CUCL and SCSS c l a s s e s ,  

by i n t u i t i v e  no t ions  w e  g e t  upon looking  a t  t h e  samples, and f i n a l l y ,  

by some gene ra l  p r i n c i p l e s  from t h e  theo ry  of d e t e c t i n g  random 

s i g n a l s .  I n  order  t o  be p r a c t i c a l l y  u s e f u l ,  t h e  mappings are u s a b l e  

by  ana log  appa ra tus ,  as w e l l  as amenable t o  s imple  d i g i t a l  s imu la t ion .  

Roughly speaking, t h i s  means t h a t  t h e  o p e r a t i o n s  treat t h e  e lements  

of t h e  p i c t u r e  en masse i n  ways t h a t  are independent of t h e  l o c a l  

s t r u c t u r e  of  t h e  image. While c e r t a i n  c h a r a c t e r i s t i c s  could be  

discovered by t r a c i n g  each cloud i n  d e t a i l  and g a t h e r i n g  r e l e v a n t  

s t a t i s t i c s ,  we r u l e  ou t  such procedures as l i k e l y  t o  engender 

excess ive ly  complicated appa ra tus  and consumption of  unconscionable 

l eng ths  of time i n  d i g i t a l  s imula t ion .  

As mentioned e a r l i e r ,  our p i c t o r i a l  i n p u t  t o  t h e  d a t a  r e d u c t i o n  

ope ra t ions  i s  a l a r g e  set  of real  numbers -- t h e  image i n t e n s i t i e s  

a t  each of about 100,000 r e s o l v a b l e  s p o t s  per p i c t u r e .  

o f  each ope ra t ion  o r  f e a t u r e  mapping i s  a n o t h e r ,  much sma l l e r  se t  of  

r e a l  numbers. These sets  c o n s i s t  o f  from one t o  q u i t e  a few compo- 

n e n t s ,  and t h e  components t aken  a l l  t o g e t h e r  form a real  v e c t o r  i n  a 

mu 1 t i d  imens i ona 1 space.  

The product  
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Although work on the decision process was not undertaken, a 

brief description of the approach to it is appropriate. The decision 

process amounts to partitioning the multidimensional space into as 

many regions as there are classes to be distinguished. Linear 

equalities may be used, for example, to determine the decision regions, 

adjusting the boundaries partly through previous knowledge of the 

properties of the classes and partly through observations on the 

hopefully typical samples available for experimentation. 

PHYSICAL AND SIMULATION DATA FORMATS 

When illustrating possible mechanizations of operations, we 

shall consider, when convenient, either optical or electrical equip- 

ment. Thus at times the data may be assumed to take the form of 

pictures, transparencies, or optical images; at other times we may 

suppose the data to take the form of video signals. These forms are 

interconvertible, though at some cost. For the purposes of this 

report, we shall not worry about suggesting a consistent, efficient 

processing system, but shall merely indicate various possibilities. 

It would be most desirable to work directly from data stored on 
board the satellite without having to go through the analog-to- 

picture-to-digital conversion before the information is inserted into 

the canputer. While recognizing the ultimate desirability, in the 

future, of such an approach to the data reduction problem, we made 

no attempt to go this route in obtaining our digital simulations. 

Since our operations were performed on the IBM 7090 digital 
computer, much attention was paid to data storage and programming in 

order to keep time costs at a minimum. 
hundred lines contains a great m n y  bits of information, storage 

must be efficient, and careful attention must be given to programming 

those loops that will be executed many times. 

reasons the input to the simulation was composed of 6-bit positive 

numbers, which represent the image intensities at every resolvable 

spot composing an input picture, 

store is occupied by program instructions, this choice permits a 

300- or a 400-line, square picture to be kept in fast storage. 

Since a picture with a few 

Mainly for these 

Depending on haw much of a 32 k 

It happens, incidentally, that our input pictures do not contain 
32 distinguishable gray levels, let alone the 64 that were available 
in gray scale, SO that no degradation of the image should result from 
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t h i s  degree of f i n e n e s s  of  q u a n t i z a t i o n .  

f o r  example, permits  handl ing  some f a i r  q u a l i t y  p i c t u r e s  ( i f  they  

become a v a i l a b l e  l a te r )  and r e p r e s e n t s  a t  least  a f a i r  ” b a l l p a r k ”  

match t o  t h e  dynamic range a v a i l a b l e  from analog  appara tus .  

A choice of 32 gray l e v e l s ,  

SCALING AND SMOOTHING 

Because t h e  ranges of d e n s i t y  and c o n t r a s t  vary  from one of our 

sample p a t t e r n s  t o  another ,  w e  r e s c a l e d  a l l  of them t o  a s t a n d a r d  

range of d e n s i t i e s .  

grade,  low-resolut ion t e l e v i s i o n  s i g n a l s  t h a t  are a f f l i c t e d  w i t h  

scanning j i t t e r  and v ideo  n o i s e ,  some s p a t i a l  averaging  seemed 

b e n e f i c i a l .  These two o p e r a t i o n s  are l i k e  AGC (automatic  g a i n  

c o n t r o l )  and p r e - d e t e c t i o n  f i l t e r i n g  f o r  ord inary  e l e c t r i c a l  s i g n a l s .  

Indeed, t he  s c a l i n g  could be done e l e c t r i c a l l y  by ord inary  AGC and 

c l i p p i n g  c i r c u i t s  w h i l e  t h e  p i c t u r e  s i g n a l s  are i n  e l ec t r i ca l  form, 

and no f u r t h e r  d e s c r i p t i o n  f o r  t h i s  purpose i s  necessary.  

And because our samples are reproduced from low- 

We have r e t a i n e d  some f l e x i b i l i t y  i n  our d i g i t a l  s i m u l a t i o n  by 

u s i n g  t h e  fol lowing scheme f o r  r e s c a l i n g  each i n p u t  p i c t u r e  t o  f i t  

t h e  i n t e n s i t y  range 0 < x 5 31.  

d i s t r i b u t i o n  of t h e  o r i g i n a l ,  6 - b i t  measures of  image i n t e n s i t y .  We 

then  determine, f o r  a s m a l l  p r o b a b i l i t y ,  pc,  chosen i n  advance, what 

image i n t e n s i t i e s  correspond t o  t h e  p o i n t s  n e a r  o p p o s i t e  ends of  t h e  

d e n s i t y  s c a l e  and beyond each o f  which t h e  corresponding t a i l  of t h e  

d i s t r i b u t i o n  has  t h e  measure pc. We t h e n  t ransform t h e  lower such 

i n t e n s i t y ,  and a l l  below i t ,  t o  ze ro ,  and t h e  upper such i n t e n s i t y ,  

and a l l  above i t ,  t o  31. 

l i n e a r l y .  

t h e  a c t u a l  extreme p o i n t s  of  t h e  l i n e a r  range  w i l l  n o t  encompass 

e x a c t l y  the f r a c t i o n  1 - 2pc of a l l  i n t e n s i t i e s  b u t  r a t h e r  some f r a c t i o n  

approximating t h i s .  

look l i k e  Fig. 1, which f o r  s i m p l i c i t y  i s  drawn as a smooth curve 

corresponding t o  ana log  da ta .  The d i g i t a l  s i m u l a t i o n  h a s  t h e  

corresponding s t e p - f u n c t i o n  d i s t r i b u t i o n .  The r e s c a l i n g  would look 

l i k e  Fig.  2. The o b j e c t  of  t h i s  r e s c a l i n g  i s  t o  r e t a i n  a maximum 

of t h e  c o n t r a s t  o f  t h e  o r i g i n a l  image by u s i n g  t h e  f u l l  a v a i l a b l e  

s c a l e  o r  dynamic range of  t h e  p r o c e s s i n g  machinery f o r  t h e  “ s i g n i f i c a n t ”  

p a r t  of t h e  d e n s i t y  scale. 

t h a t  hencefor th  a l l  r e l a t i v e l y  s m a l l ,  extremely l i g h t  o r  extremely 

F i r s t  w e  f i n d  t h e  p r o b a b i l i t y  

The i n t e n s i t i e s  between are t ransformed 

Of course,  s i n c e  t h e r e  may n o t  be  a continuum of  i n t e n s i t i e s ,  

The o r i g i n a l  d i s t r i b u t i o n  of i n t e n s i t i e s  might 

Obviously,  t h e  assumption h a s  been made 
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A 

intensity intensity 

Fig. 1 Typical distribution of image intensities 

intensity intensi tyJ  

Fig. 2 Typical scale normalization 
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da rk  areas may be merged i n t o  w h i t e  and b l ack ,  r e s p e c t i v e l y ,  wi thout  

l o s s  of u se fu l  in format ion .  T h i s  seems l i k e l y  t o  be t r u e  f o r  such 

c loud  p i c t u r e s  as those  w e  are cons ider ing .  

where law-contrast  d e t a i l  a t  extremes of t h e  range i s  s i g n i f i c a n t ,  

one could set  pc = 0, g iv ing  a simple l i n e a r  t r ans fo rma t ion  of t h e  

whole range. 

For a c l a s s  of unknowns 

There a r e  s e v e r a l  reasons  f o r  u s ing  some degree  of s p a t i a l  

ave rag ing  on our da t a .  

on ly  over an  e x t e n t  of s e v e r a l  r e s o l v a b l e  e lements ,  w h i l e  t h e r e  i s  

some no i se  f l u c t u a t i o n  from element t o  e lement ;  t h u s  such averaging  

ac ts  l i k e  a low-pass f i l t e r  t o  produce a u s e f u l  i n c r e a s e  i n  s i g n a l -  

t o - n o i s e  r a t i o .  I n  a d d i t i o n ,  i f  n o i s e  r e s u l t s  from scanning j i t t e r  

as t h e  images are r e c o n s t i t u t e d  (as i n  our samples, which were t aken  

from a cathode-ray t u b e ) ,  averaging  t h e  d a t a  over s e v e r a l  l i n e s  should 

e l i m i n a t e  some of  t h e  no i se .  F i n a l l y ,  a t  least wi th  our d i g i t a l  

s imu la t ion ,  we save p rocess ing  t i m e  by exchanging our o r i g i n a l  d a t a  

a r r a y  f o r  a coa r se r  one corresponding t o  elements two o r  t h r e e  t i m e s  

as f a r  a p a r t  as those  of t h e  raw d a t a .  Likewise, i n  scanning, u s i n g  

ana log  appara tus ,  t i m e  could be saved by having fewer l i n e s  t o  scan. 

F i r s t ,  w e  expec t  s i g n i f i c a n t  d e t a i l  t o  va ry  

I n  an ana log  machine, such as i n  an  o p t i c a l  system, t h e  we igh t ing  

f u n c t i o n  for  spa t i a l  f i l t e r i n g  would be smooth and c i r c u l a r l y  

symmetrical;  a s i n g l e  parameter would be a v a i l a b l e  t o  a d j u s t  t h e  

smoothing. For our d i g i t a l  s imu la t ion  w e  are l i m i t e d  t o  what can be 

done w i t h  a checkerboard array of r e s o l v a b l e  elements.  Because i t  

could be programed simply and was fa s t - runn ing ,  our b a s i c  s p a t i a l -  

smoothing ope ra t ion  w a s  t aken  as a t r ans fo rma t ion  t o  a new image 

having  t h e  same number of elements as t h e  o r i g i n a l ,  bu t  of such a 

n a t u r e  t h a t  each element of t h e  

neighboring elements of t h e  o l d  

are t h e  i n t e n s i t i e s  a t  ( i , j )  of 

t h e n  

new image i s  t h e  average  of  fou r  

image, That  i s ,  if  xi and y 

t h e  o l d  and new images, r e s p e c t i v e l y ,  
,j i, j 

= x  + x  + x  + X  4 ~ i , j  i , j  i + l , j  i ,j+1 i + l , j + l  

It i s  ev ident  t h a t  i n  app ly ing  t h i s  r u l e  t o  t h e  l i m i t e d  a p e r t u r e  

covered by our image something must be done about  t h e  edges. 

P r e c i s e l y  what is done probably matters l i t t l e .  

l e a s t  t r o u b l e ,  we adopted t a c t i c s  e q u i v a l e n t  t o  cove r ing  t h e  bo rde r  of 

Because i t  w a s  t h e  
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t h e  image plane wi th  s p o t s  of i n t e n s i t y  zero ,  a l though an average  

"gray" might be more appropr i a t e .  

degree of smoothing i s  ad jus t ed  by vary ing  t h e  number of t imes t h i s  

b a s i c  ope ra t ion  i s  i t e r a t e d .  Applying it one, two; o r  t h r e e  times 

corresponds t o  smoothing by b l u r  func t ions  t h a t  are c l e a r l y  desc r ibed  

by t h e  fo l lowing  a r r a y s  of  weights :  

For t h e  d i g i t a l  s imu la t ion ,  t h e  

1 1  1 2 1  

1 1  2 4  2 

1 2 1  

1 3  3 1  

3 9  9 3  

3 9  9 3  

1 3  3 1  

MOTION INVARIANCE 

It i s  a c h a r a c t e r i s t i c  of our problem, and of many o the r  p a t t e r n -  

r e c o g n i t i o n  problems, t h a t  t he  f e a t u r e s  w e  are looking f o r ,  i f  they 

are l o c a l ,  may be found anywhere i n  a plane r eg ion  and do no t  occur 

i n  any p a r t i c u l a r  o r i e n t a t i o n .  They may a l s o ,  l i k e  our cloud-cover 

p a t t e r n s ,  be d i s t r i b u t e d  f e a t u r e s  and s t i l l  be independent of t r ans -  

l a t i o n s  o r  r o t a t i o n s  of t h e  input-image plane.  For example, a f e a t u r e  

of  c loud cover t h a t  may con t r ibu te  t o  c l a s s i f i c a t i o n  and r e c o g n i t i o n  

i s  t h e  average s i z e ,  o r  perhaps t h e  d i s t r i b u t i o n  of s izes ,  of t h e  

s e p a r a t e  c louds.  Th i s  c h a r a c t e r i s t i c  i s  c l e a r l y  no t  l o c a l i z e d  a t  

any p a r t i c u l a r  p l ace  and i s  not  a f f e c t e d  by r i g i d  motion of t h e  

image i n  i t s  plane.  Also,  t he  frequent  occurrence of c louds l y i n g  

i n  roughly p a r a l l e l  and evenly spaced rows o r  bands should be 

d i s c e r n i b l e  independent ly  of r i g i d  motions of t h e  image. 

Now t h e r e  i s  a t r i v i a l l y  mot ion- invar ian t  way of e x t r a c t i n g  

f e a t u r e s  from an image reg ion .  It amounts t o  looking f o r  them every-  

where! One provides  a template  ( r e fe rence  func t ion )  f o r  t h e  f e a t u r e ,  

t r i e s  i t  a l l  over t h e  p lane ,  i n  a l l  o r i e n t a t i o n s ,  and no te s  when a 

good match occurs .  There are cases  f o r  which such a search  can be  
r e a d i l y  mechanized and where the  method can be p r a c t i c a l l y  e f f e c t i v e .  (2) 
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We have avoided such searches, taking the view that to ask the three- 

dimensional array of questions, "Is the configuration present at 

(x,y> with orientation 0 ?I1 is an undesirable approach to the question, 
Is the configuration present somewhere in the plane?" Instead we 11 

have attempted to generate data-reduction transformations that 

retain evidence of important features and whose outputs are independent 

of rigid motions of the input. 

TWO-DIMENSIONAL AUTOCOVARIANCE AS A REDUCED-DATA ITEM 

One easily mechanized (both digitally and optically) translation- 

invariant transformation of the raw input image is its two-dimensional 

autocovariance function (ACF). Let I (x,y) be the image intensity at 
the point with rectangular coordinates (x,y). 
value of I. Then the autocovariance function for displacement (h,k) 

is 

Let m be the average 

The term C (h,k) is obviously translation-invariant. Its usefulness 

for pattern recognition has been recognized for at least a dozen 
years,(3) and it has been applied to some simple examples. (475) 

Any rotation-invariant feature of C (h,k) will be a motion-invariant 

feature of I (x,y) and should provide useful data. (Several such 

features will be introduced in the next section.) For example, a 

noticeable peak in the ACF plot other than the one at the origin 

evidently corresponds to the presence of well defined rows or bands 

of clouds in the original image. Even if no peak is apparent, the 

ACF still contains information about the relative size and spacing 

of the clouds in the original image. 

At first glance, this may not seem to be much of a reduction in 
data dimensionality. However, for our particular samples, both the 

sizes of the individual clouds and their spacings are only a fraction 

of the picture width. Where this fraction is 1/5 to 1/10, for example, 

one need consider finding the ACF for only 1/25 to 1/100 as many 

displacements as there are resolvable lines in the original image. 
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I f ,  i n  a d d i t i o n ,  some s l i g h t  smoothing of t h e  o r i g i n a l  i s  al lowed,  

t hen  s t i l l  more of t h e  d a t a  are e l imina ted  f o r  t h i s  t ransformat ion .  

An a s p e c t  of our problem t h a t  sugges t s  t h e  use  of  t h e  ACF i s  t h e  

resemblance between p i c t u r e s  of cloud cover and samples from a 

two-dimensional random process .  

completely determined by t h e i r  means and covar iance  matrices, w e  

expec t  t h e  ACF t o  c o n t r i b u t e  use fu l  in format ion  even i f  t h e  process  

i s  n o t  gauss ian ,  so  long as it i s  random and s p a t i a l l y  homogeneous 

( the  two- dimensiona 1 equ iva len t  of s ta t  iona r  i n e s s  ) . 

Since  gauss ian  random processes  a r e  

If t h e  mechanized autocovariance inpu t  image i s  a v a i l a b l e  as 

a phototransparency,  t h e  two-dimensional ACF may be obta ined  by two 

s imple and ingenious  schemes suggested by Kovgsznay and Arman(6) and 

reproduced i n  Figs .  3 and 4. The scheme of Fig.  3 y i e l d s  t h e  ACF as 

an  image a t  t h e  focus of t h e  l ens ,  where it can b e  photographed, 

scanned o r  sub jec t ed  t o  f u r t h e r  o p t i c a l  t ransformat ion .  The scheme 

of F ig .  4 y i e l d s  t h e  ACF s e q u e n t i a l l y ,  i n  whatever order  i s  s p e c i f i e d  

by t h e  cathode-ray tube  (CRT) scan, as an e l e c t r i c a l  wave form. 

When t h e  image i s  t h e  l i s t  of numbers forming t h e  inpu t  f o r  

d i g i t a l  s imu la t ion  (as i n  our case ) ,  one simply computes t h e  ACF 

by doing many sums of products .  

t o  t a k e  q u i t e  a l o t  of t i m e  i f  done c a s u a l l y ,  some pa ins  were taken  

t o  make t h e  c a l c u l a t i o n  fas t  by an a p p r o p r i a t e  combination of d a t a  

s t o r a g e  and programming, t h e  d e t a i l e d  d e s c r i p t i o n  of which we d e f e r  

t o  pages 24--28. One d e t a i l  should be mentioned h e r e ,  however. 

S ince  a t  t h i s  po in t  our p i c t u r e s  are smoothed and f i l t e r e d ,  i t  has  

appeared p o s s i b l e  t o  save t i m e  i n  t h e  ACF c a l c u l a t i o n ,  wi thout  much 

informat ion  lo s s ,  by r e p l a c i n g  t h e  o r i g i n a l  image w i t h  a h a l f - r e s o l u t i o n  

image a f t e r  f i l t e r i n g .  That  i s ,  w e  simply throw away a l l  p o i n t s ,  f o r  

example, whose coord ina te s  are not both odd. 

S ince  t h i s  a r i t h m e t i c  can be  expected 

ROTATION-INVARIANT ABSTRACTIONS FROM C (h , k )  

I n  t h i s  s e c t i o n  w e  s h a l l  d i scuss  a few r o t a t i o n - i n v a r i a n t  f e a t u r e s  

that may be d i s c e r n i b l e  i n  C (h,k) and note  how they can be e x t r a c t e d  

from t h e  d a t a  i f  p resent .  
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D i  f f use 

Plane 
light source - 
l i + \  i mirror 

Disk i n  f o c a l  p lane  

Pat tern  
transparency 

a x i s  a t  f requency  f 
D i s k  i s  b l a c k  except 

for  small m i r r o r  sector 

Fig. 3 An optical arrangement f o r  displaying the autocorrelation 
function as an image at the focus of the lens 

I 
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S i m i l a r i t y - I n s e n s i t i v e  C(h,k)  Scan 

Doyle(5) has  prev ious ly  repor ted  a way t o  t ransform 

2 
C '  (h,k) = JJ I (x,y) I(x-h,y-k) dxdy % C (h,k)-m rJ dxdy 

i n t o  a t i m e  func t ion ,  w ( t ) ,  which t o  a c l o s e  approximation w i l l  only 

be  delayed o r  magnif ied when t h e  input  image, I (x ,y ) ,  i s  r o t a t e d  o r  

magni f ied .  

pas s ing  w ( t )  i n t o  a set of matched f i l t e r s  whose ou tpu t s  can be 

compared w i t h  a th re sho ld  p ropor t iona l  t o  t h e  f a c t o r  by which w ( t )  

may be magnified.  I n  p a r t i c u l a r ,  such a v a r i a b l e  t h r e s h o l d  might be  

t r a n s l a t e d  i n t o  a f i x e d  r a t i o  by which each matched f i l t e r  ou tput  

would be r equ i r ed  t o  exceed t h e  rms output  of  a l l  t h e  f i l t e r s  

t o g e t h e r ,  averaged over a scan  per iod.  

Af t e r  such a t ransformat ion ,  p a t t e r n s  may be  d e t e c t e d  by 

The t r ans fo rma t ion  amounts t o  a s p i r a l  scan of  C '  (h,k). We 

r e p e a t  h e r e  t h e  s h o r t  argument lead ing  t o  t h i s  scan. 

p o l a r  coord ina te s  i n  t h e  (h,k) plane. We wish t o  d e s c r i b e  a scan  

t h a t  w i l l  produce an  output  independent of r o t a t i o n  o r  d i l a t a t i o n  of 

t h e  (h,k) plane.  Independence o f  r o t a t i o n  e v i d e n t l y  r e q u i r e s  t h a t  

d Q / d t  be cons t an t  and t h a t  a s h i f t  i n  t h e  s t a r t i n g  phase of t h e  scan 

no t  a f f e c t  t h e  output  wave shape. To see what i s  r e q u i r e d  f o r  
independence of s i z e ,  cons ider  t h e  e f f e c t  o f ,  s a y ,  e n l a r g i n g  t h e  

p i c t u r e .  

at one r a d i u s  t o  a p o r t i o n  a t  another  r a d i u s  i n  t h e  same t i m e  i n t e r v a l  

a f t e r  enlargement as be fo re ,  it i s  e v i d e n t l y  necessary  t h a t  t h e  r a d i a l  

scanning  speed be p ropor t iona l  t o  r a d i u s ,  namely d r / d t  = ar. A l i t t l e  

thought  shows t h a t  t h e  r e s u l t i n g  s p i r a l  scan,  h = exp (a t )  cos b t ,  

k = exp (at) s i n  b t ,  cannot b e  independent of  t h e  s t a r t i n g  phase i n  

gene ra l .  However, s i n c e  t h e r e  i s  a f i n i t e  r e s o l u t i o n  l i m i t ,  by keeping 

t h e  expansion parameter,  a ,  s m a l l  enough, t h e  output  func t ion ,  w ( t ) ,  

r e s u l t i n g  from t h e  scan can be made s u f f i c i e n t l y  i n s e n s i t i v e  t o  

v a r i a t i o n s  of  t h e  s t a r t i n g  phase fo r  p r a c t i c a l  purposes .  

s p o t  s i z e  should (probably) a l s o  b e  v a r i e d  p r o p o r t i o n a t e l y  t o  r i n  

o r d e r  t o  ma in ta in  cons t an t  r e l a t i v e  r e s o l u t i o n ,  a l o g i c a l  concomitadt 

o f  s ize- independence.  An a c t u a l  scan would s tar t  a t ,  s a y ,  one 

Le t  (r,e) be 

I n  o rde r  t o  g e t  from a por t ion  of  t h e  a u t o c o r r e l a t i o n  image 

The scanning 
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r e s o l u t i o n  spo t  out  from h = k = 0 and t e r m i n a t e  b e f o r e  reaching  a 

boundary o f  t h e  C '  (h,k) image. 

Such a scan  can be  e a s i l y  produced on a n  ord inary  CRT, s o  t h a t  

t h e  mechanism f o r  r e a l i z i n g  w ( t )  has  i n  e f f e c t  a l r e a d y  been sketched 

i n  Fig.  4.  We have only t o  s u b t r a c t  from t h e  output  i n  Fig.  4 t h e  

e a s i l y  es t imated  c o n s t a n t  m2 JJ dx dy. 

P e r i o d i c  Components 

There i s  a n  elementary c h a r a c t e r i s t i c  of I ( x , y )  t h a t  probably w i l l  

show up r e a d i l y  i n  C(h,k) i f  p r e s e n t .  It i s  rough p e r i o d i c i t y  i n  Some 

p a r t i c u l a r  d i r e c t i o n ,  corresponding t o  t h e  presence of  a s t r o n g  compo- 

nent  cos (ax + by + c )  i n  t h e  input  p a t t e r n .  Such a component w i l l  

be  present ,  f o r  example, i f  t h e r e  i s  a d i r e c t i o n  a long  which c louds  

a re  f a i r l y  uniformly spaced a c r o s s  t h e  f i e l d  of  view. The component 

w i l l  appear a s  a se r ies  of e q u a l l y  spaced peaks l y i n g  a long  a l i n e  

through h = k = 0. The r o t a t i o n - i n v a r i a n t  f e a t u r e  t h u s  determined i s  

t h e  d i s t a n c e  between t h e  peaks p l u s  an i n d i c a t i o n  of t h e  s t r e n g t h  of 

t h e  component. Such peaks might reasonably  be  d e t e c t e d  by comparing 

t h e  value of  C(h,k) a t  each p o i n t  w i t h  a p a i r  of  t h r e s h o l d s  determined 

by t h e  rms va lue  o f  C(h,k) over  some annulus  w i t h  mean r a d i u s  v r  
The d i r e c t i o n  of  such a l i n e  of  peaks should be  of no i n t e r e s t  i n  

i t s e l f ,  a l though t h e  a n g l e  t o  any o t h e r  o r i e n t e d  f e a t u r e  would be .  

2 2  

Path o f  Minimum Decorre la t ion  

For most cloud-cover p i c t u r e s ,  no such obvious peaks as have 

However, j u s t  been d iscussed  are l i k e l y  t o  be p r e s e n t  i n  C(h,k) .  

t h e r e  s t i l l  may be some r e l a t e d  t e n d e n c i e s  toward p e r i o d i c i t y  which 

can be  e x t r a c t e d  from C(h,k) i n  t h e  form of  a s l i g h t l y  vaguer p i e c e  

o f  r o t a t i o n - i n v a r i a n t  d a t a .  It Seems easiest  t o  d e s c r i b e  what w e  

have i n  mind by simply g i v i n g  a d a t a - r e d u c t i o n  procedure t o  be a p p l i e d  

t o  C(h,k). 

For each r a d i u s ,  r ,  i n  t h e  (h,k) p lane  w e  cons ider  a n  annulus  

bracke t ing  r .  

r m s  v a l u e ,  s ,  of  C over t h i s  annulus .  We a l s o  have a t h r e s h o l d  

A s  f o r  t h e  prev ious ly  d i s c u s s e d  f e a t u r e ,  w e  f i n d  t h e  
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f a c t o r ,  f .  Whenever C(h,k) exceeds f s  a t  some p o i n t  of  t h e  annulus  

we f i n d  t h e  maximum such C and i t s  corresponding l o c a t i o n  (h,k). I f  

we do t h i s  as a continuous func t ion  of r ,  w e  o b t a i n  a p a t h ,  p o s s i b l y  

i n t e r r u p t e d  by gaps where the peak i n s u f f i c i e n t l y  exceeds t h e  r m s  

v a l u e ,  and a func t ion  de f ined  along t h i s  pa th .  The r e s u l t  may be 

g iven  by a p a i r  of func t ions ,  9 ( r )  and z ( r ) ,  d e s c r i b i n g  t h e  pa th  and 

t h e  r a t i o  by which C exceeds f s ,  r e s p e c t i v e l y .  A s  given ,  9 ( r )  i s  n o t  

r o t a t i o n - i n v a r i a n t  ; however, t h e r e  are reasonable  ways  t o  select a 

p r e f e r r e d  d i r e c t i o n ,  eo  - -  a weighted average  of 9 over r i s  one -- so  

t h a t  a r o t a t i o n - i n v a r i a n t  pa th ,  6 ( r )  - eo, i s  determined. 

no t  d i s p e l .  Remaining t o  be decided are such ques t ions  as t h e  

v a r i a t i o n  of annulus width wi th  r a d i u s ,  t h e  v a r i a t i o n  of t h r e s h o l d ,  

f ,  w i t h  r a d i u s  and t h e  weight func t ion  used t o  determine 0 (or some 

o t h e r  angle-normal iza t ion  procedure).  

The above procedure,  as given, c o n t a i n s  some vagueness w e  s h a l l  

0 

I n  any case  the  p i ece  of d a t a  j u s t  desc r ibed ,  which w e  s h a l l  

c a l l  t h e  pa th  and func t ion  of minimum d e c o r r e l a t i o n ,  i s  a r o t a t i o n -  

i n v a r i a n t  a b s t r a c t i o n  from t h e  ACF. 

cos (ax + by + c ) ,  i n  I ( x , y )  then  9 ( r )  reduces  t o  a cons t an t  and z ( r )  

t o  a success ion  of equa l ly  spaced peaks. S ince  t h e  f e a t u r e  desc r ibed  

by 9 ( r ) ,  z ( r )  w i l l  i nc lude  t h e  case where C(h,k) e x h i b i t s  a prominent 

p e r i o d i c  component, we need n o t  e x p l i c i t l y  hunt peaks of  C(h,k) i f  w e  

dec ide  t o  e x t r a c t  t h e  pa th  and func t ion  of minimum d e c o r r e l a t i o n .  

P a r t  o f  a mechanization o f  t h i s  f e a t u r e  i s  r e a d i l y  d e r i v a b l e  

When t h e r e  i s  a s t r o n g  component, 

from Fig .  4 and from t h e  s p i r a l  scan used t o  produce w ( t )  i f  t h e  s p o t  

s i z e  fo r  t h e  s p i r a l  s can  i s  about r i g h t  f o r  t he  r e s o l u t i o n  of t h e  

image. 

squa re  t h e  d i f f e r e n c e  and then  low-pass f i l t e r  t h a t  d i f f e r e n c e  wi th  a 

t i m e  c o n s t a n t  of 2rr/b. 

a n n u l a r  average  mentioned ear l ier .  I n  p r a c t i c e ,  m e r e l y  r e c t i f y i n g  t h e  

d i f f e r e n c e  l i n e a r l y  should  be as u s e f u l  as squa r ing  it. We have s t i l l  

t o  sugges t  haw t h e  success ion  of maxima f o r  d i f f e r e n t  a n n u l i  may be 

found . 

2 We may s u b t r a c t  t h e  cons tan t  m ss dx dy f rom t h e  scan  o u t p u t ,  

T h i s  w i l l  g i v e  a r easonab le  approach t o  t h e  
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Plane 
Lens mirror 

plane of  tens) L P a t t e r n  
transparency 

Fig. 4 An optical arrangement for displaying the autocorrelation 
function as an electrical wave form 
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An un t idy  way t o  d iscover  t h e  annu la r  maxima would b e  t o  employ 

two d i s t i n c t  scans  t h a t  t ime-share t h e  CRT beam and t h e  photoreceptor  

ou tpu t .  The f i r s t  scan and i t s  output  y i e l d  t h e  running r m s  va lue  of 

C(h,k)  over an  annulus  of  growing r ad ius .  

behind t h e  f i r s t ,  y i e l d s  t h e  va lue  and l o c a t i o n  of  each annu la r  

maximum by an  ope ra t ion  r e q u i r i n g  two r e v o l u t i o n s  of t h e  scan.  

During t h e  f i r s t  r evo lu t ion ,  t h e  value of  t h e  maximum i s  determined,  

f o r  example, by feeding  t h e  output  of t h e  scan  through a diode t o  a 

c a p a c i t o r .  During t h e  second r evo lu t ion ,  t h e  l o c a t i o n  and t h e  maximum 

are both obta ined  by d i scha rg ing  the  condenser when t h e  s i g n a l  ampli-  

tude co inc ides  wi th  t h e  condenser p o t e n t i a l .  The t iming  of t h i s  

co inc idence  y i e l d s  0 ( r ) ,  whi le  t h e  s i z e  of t h e  d i scha rge  y i e l d s  z ( r ) .  

The second scan ,  running 

For d i g i t a l  s imu la t ion ,  s ince  t h i s  f e a t u r e  i s  descr ibed  as an 

a r i t h m e t i c  c a l c u l a t i o n ,  one simply does t h e  c a l c u l a t i o n .  T h i s  one i s  

s imple enough t h a t  i t  i s  not  necessary t o  t a k e  pa ins  t o  do it 

e f f i c i e n t l y  . 

Rota t ing  C(h,k) I n t o  a Reference P o s i t i o n  

I f  C(h,k) con ta ins  a s t r o n g  enough i n d i c a t i o n  of a s p e c i a l ,  o r  

r e fe rence  d i r e c t i o n ,  then  i t  may be  u s e f u l  t o  r o t a t e  C(h,k) so t h a t  

t h e  r e f e r e n c e  d i r e c t i o n  f a l l s  a long t h e  new h -ax i s  and use  t h e  

r e s u l t i n g ,  normalized C(h,k) as input  t o  an  o rd ina ry  c r o s s - c o r r e l a t i o n  

d e t e c t i o n  scheme. Th i s  seems un l ike ly  t o  be  as u s e f u l  f o r  c loud-pa t t e rn  

c l a s s i f i c a t i o n  and r ecogn i t ion  as f o r  some s impler  problems l i k e  

r ead ing  t h e  a lphabe t .  

To f i n d  such a r e fe rence  d i r e c t i o n  one might cons ider  0 ( r )  - 
t h e  pa th  of minimum decor re l a t ion .  I f  i t s  f l u c t u a t i o n  as a func t ion  

of  r i s  small enough, one may choose 9 
Otherwise i t  could be  decided t h a t  t h e r e  i s  i n s u f f i c i e n t  i n d i c a t i o n  of  

any p r e f e r r e d  d i r e c t i o n .  

as t h e  r e f e r e n c e  d i r e c t i o n ,  0 

I f  C(h,k) i s  r o t a t e d  t o  a p re fe r r ed  d i r e c t i o n ,  t h e  r e s u l t i n g  

f u n c t i o n  i s  e v i d e n t l y  a mot ion- invar ian t  product  of t he  o r i g i n a l  

image. 
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Fourier Analysis by Annuli 

Another procedure for deriving rotation-invariant products from 

C(h,k) is based on the fact that if the (h,k) plane is described in 

polar coordinates (p,8), then C(p,8) is periodic in 8 (the period is 

n in general). 
average C(p,Q) radially over each one, and then Fourier analyze 

the resulting periodic functions, the strengths of the harmonics (sum 

of squares of  sine and cosine for each frequency) are a rotation- 

invariant abstraction from C (h ,k). 

If we divide the plane into a few convenient rings, 

This sort of operation is easily performed by simply adding to 

the output of Fig. 4 a series of narrow-band filters centered at the 
frequencies b/n, 2b/n, 3b/n and so  on. Rectifying their outputs and 

averaging over several cycles of a slowly expanding spiral scan will 

give the strengths of all the harmonics as functions of p. 

To do this Fourier analysis digitally is too lengthy to be 

practical; further it adds nothing to the information already 

contained in the function w(t) produced by the spiral scan of C(h,k). 

It has seemed worth pointing out, however, that the harmonic analysis 

represents another analog scheme to produce rotation-invariant 

features of C(h,k), hence of I(x,y). A simple form of this, treating 

the whole (h,k) plane as one ring, has been used to recognize simple 
line patterns in Doyle's work. (5) 

CREEPING UNIFORMITY 

An interesting motion-invariant datum useful for classifying - 

We imagine (7 1 black and white patterns has been described by Blum. 

the pattern on a plane. At t = 0, a wave starts out from the pattern, 

moving (within the plane) at constant speed in all directions into new 

territory. It propagates like a wave oE chemical destruction: it 

can advance only into area not already overrun. At each instant, t, 
we note the area, a(t), of the region enclosed by the wavefront. 

function, a(t) is a motion-invariant characteristic of the original 
pattern. 

perimeter, p(t), containing the same information could also be used 

This 

For our purposes area is the easiest to compute; the growing 
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( the  area i s  e v i d e n t l y  t h e  i n t e g r a l  of t h e  pe r ime te r ) .  

c lear ly  need no t  be l i m i t e d  t o  plane o r  two-dimensional p a t t e r n s ,  nor 

s p e c i  f ica 1 l y  t o  a r e a .  

The process  

There a r e  a t  least  two ways t o  apply  t h i s  i d e a  t o  continuous- 

tone  p a t t e r n s .  One i s  t o  choose a t h r e s h o l d  i n t e n s i t y  and change t h e  

image t o  a b l a c k  and wh i t e  (no gray) one, t u r n i n g  each s p o t  i n t o  

b l a c k  o r  w h i t e  accord ing  as i t  o r i g i n a l l y  was darker  o r  l i g h t e r  t han  

t h e  t h r e s h o l d  shade. A f t e r  t h i s  t r ans fo rma t ion  we proceed as 

desc r ibed  above. 

* 

To see how t h i s  o p e r a t i o n  g ives  in fo rma t ion  about  blob s izes ,  

suppose clouds t o  be whi te ,  background dark.  A s  t h e  dark  e a t s  up t h e  

cloud a r e a s ,  c louds  begin  t o  d isappear .  An i n d i v i d u a l  cloud t h a t  w a s  

e n t i r e l y  convex, f o r  example, would be devoured i n  t h e  time i t  t a k e s  

t h e  wave t o  t r a v e r s e  h a l f  t h e  width of t h e  cloud. 

g i v e s  sane informat ion  about t h e  d i s t r i b u t i o n  of c loud  s i z e s .  

Thus a ( t )  

Ev iden t ly  w e  could ,  i n  t h e  b lack  and wh i t e  case, p e r m i t  wh i t e  t o  

over run  b l a c k  and measure t h e  a r e a  of  wh i t e  a t  each i n s t a n t  r a t h e r  

t h a n  b lack .  Thus by t h e  same ope ra t ion  w e  can g e t  in format ion  r e l a t e d  

t o  t h e  d i s t r i b u t i o n  of wid ths  of spaces  between c louds .  F u r t h e r ,  it 

shou ld  be noted t h a t  t h e  r a t e  of cloud expansion, o r  overrunning, i s  

a minimum f o r  cloud forms whose p i c t o r i a l  r e p r e s e n t a t i o n s  are c i r c u l a r .  

The second way t o  apply  t h i s  i d e a  i s  t o  dev i se  a continuous-tone 

ana log  of t h i s  creeping-wave ope ra t ion  and then  d e r i v e  a ( t )  f o r  i t .  

A t  t h i s  p o i n t  t h e  r eade r  i s  reminded t h a t  t h e  ear l ie r  f i l t e r i n g  of  

t h e  r a w  d a t a  smears t h e  image po in t s  e q u a l l y  i n  a l l  d i r e c t i o n s .  We 

c o u l d  f i l t e r  many t i m e s ,  producing eve r  f u z z i e r  and l e s s  c o n t r a s t y  

images, e v e n t u a l l y  winding up with a uniform average  gray. 

product  of  t h i s  success ion  of f u z z i e r  and f l a t t e r  images i s  t h e  

cont inuous  e q u i v a l e n t  of t h e  success ion  o f  ever  more completely 

blackened images produced i n  t h e  two-tone v e r s i o n .  

measure of t h e  uni formi ty  of t h e  b l u r r e d ,  cont inuous- tone  images 

cor responding  t o  t h e  func t ion ,  a ( t ) .  One such measure i s  t h e  

f r a c t i o n  o f  t h e  p i c t u r e  area whose tone  i s  w i t h i n  k l e v e l s  of  t h e  

mean tone ,  where k would be small, s ay  0 S k 5 4 ,  b u t  would depend 

on t h e  t o n a l  range of t h e  o r i g i n a l  p i c t u r e .  

The end 

We now need some 

* 
T h i s  problem i s  d i scussed  i n  t h e  s e c t i o n  d e a l i n g  w i t h  t h e  

de t e rmina t ion  of  amount of cloud cover.  
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Notice t h a t  t h e  cont inuous smear o p e r a t i o n ,  as given,  i s  

symmetrical and does n o t  y i e l d  t h e  two d i f f e r e n t  k i n d s  o f  in format ion  

provided by t h e  c reeping  whi te  and t h e  c reeping  b l a c k .  

r e p l a c i n g  t h e  symmetrical c o n d i t i o n ,  "wi th in  k l e v e l s  of  t h e  mean 

tone,"  by t h e  two extreme c o n d i t i o n s ,  "more t h a n  k levels  above (or 

below) the  mean tone,"  w e  a g a i n  bave t h e  two complementary i t e m s  of 

d a t a .  

However, by 

For t h e  computer s i m u l a t i o n ,  a l l  t h e s e  v a r i a t i o n s  are e a s i l y  

t r i e d .  For cont inuous- tone images w e  a l t e r n a t e l y  f i l t e r  and recompute 

t h e  dens i ty  d i s t r i b u t i o n .  

opera t ion ,  hard l i m i t i n g  (descr ibed i n  t h e  s e c t i o n  d e a l i n g  w i t h  

de te rmina t ion  of  c loud amount), which f o r c e s  a l l  grays  t o  b l a c k ,  w h i l e  

on ly  t h e  pure whi te  l e v e l  i s  l e f t  whi te .  S p a t i a l  averaging  followed 

by h a r d  l i m i t i n g  i s  e q u i v a l e n t  t o  one s t e p  of  t h e  c reeping  b l a c k n e s s ,  

and w e  ge t  a ( t )  by r e p e a t i n g  t h e  sequence: average ,  l i m i t ,  and 

recompute d i s t r i b u t i o n .  

For b l a c k  and w h i t e  images w e  add one more 

It i s  u n f o r t u n a t e l y  n o t  clear how t o  implement t h e s e  f u n c t i o n s  

w i t h  f a s t  analog appara tus .  

appeared i n  Ref. (7), no u s e f u l  progress  w a s  made. A clumsy s o l u t i o n  

may be  p o s s i b l e  i f  a defocusable  image i s  a v a i l a b l e  t h a t  can b e  

scanned over and ove r ,  wi th  t h e  i n t e n s i t y  d i s t r i b u t i o n  be ing  found 

each time t h e  image i s  f u r t h e r  b l u r r e d .  

While some d i s c u s s i o n  of  t h e  problem 

AUTOCORRELAT I O N  CALCULATION 

People are i n c r e a s i n g l y  busy t h e s e  days w i t h  d i g i t a l  p rocess ing  

o f  p i c t o r i a l  cloud d a t a ,  and i n  p a r t i c u l a r  w i t h  t h e  two-dimensional 

s p e c t r a l  a n a l y s i s  o f  such d a t a .  

of  d a t a  s torage  and programming t h a t  y i e l d s  two-dimensional a u t o c o r r e -  

l a t i o n  func t ions  i n  about  1/20th t h e  t i m e  o f  s t a n d a r d  procedures  t h a t  

have been r e p o r t e d  by Leese and Epstein") and t h a t  are  a p p a r e n t l y  i n  

use .  A t r i v i a l  change would permit  t h e  same program t o  compute 

c r o s s - c o r r e l a t i o n  f u n c t i o n s .  

T h i s  s e c t i o n  d e s c r i b e s  a combination 
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Let I( i , j)  f o r  i = 1 ,2  ,... ,m and j = 1,2,.-. . ,n  be p i c t o r i a l  d a t a  

sampled on a r e c t a n g u l a r  g r i d .  

two-dimensional displacement (h,k) i s  c a l c u l a t e d  f o r  h 2 0 by 

Then t h e  au tocova r i ance  C(h,k) f o r  t h e  

(m - h )  (n - k )  C(h,k) = 

- 
where I i s  t h e  average of a l l  the  d a t a .  I f  t h e  d isp lacements  are n o t  

a g r e a t  f r a c t i o n  of  t h e  p i c t u r e  dimensions, t hen  t h e  sums t h a t  a r e  

l i n e a r  i n  I may be r ep laced  by the  a p p r o p r i a t e  m u l t i p l e s  of 7, g i v i n g  

t h e  s impler  c a l c u l a t i o n  

2 m-h n-k 
C(h,k) = C C I ( p , q )  I(p-h,  q-k)/(m-h)(n-k) - (F) f o r  K 2 0 (3)  

p e l  q = l  

and s i m i l a r l y  f o r  k < 0. 

The program r e f e r r e d  t o  above uses  Eq. (2 ) ;  a g r e a t e r  sav ing  (by 

about  27 per c e n t )  i s  p o s s i b l e  us ing  Eq. ( 3 ) .  E i t h e r  of t h e s e  

computations r e q u i r e s  t h a t  a g rea t  many sums of products  be taken .  

The scheme t o  be  desc r ibed  does t h e  t a s k  quick ly  because i t  t a k e s  

advantage of t h e  p e c u l i a r i t i e s  of t h e  machine and t h e  form i n  which 

t h e  d a t a  can be s t o r e d .  

The nuc leus  of t h e  c a l c u l a t i o n  i s  a simple consequence of two 

f a c t s .  

CAQ, which a long  wi th  a s u i t a b l e  m u l t i p l i c a t i o n  t a b l e ,  permi ts  one t o  

augment t h e  h igh-order  end of t h e  accumulator by t h r e e  sums of products  

i n  a s i n g l e  i n s t r u c t i o n  t a k i n g  8 machine cyc le s  (garbage i s  simul- 

t aneous ly  accumulated i n  t h e  lower end). 

must be i n t e g e r s  of 6 b i t s  o r  l e s s ;  they  are assembled i n  t h e  

m u l t i p l i e r - q u o t i e n t .  

The f i r s t  i s  t h a t  t h e  I B M  7090 has a tab le- look-up  i n s t r u c t i o n ,  

The 6 s e p a r a t e  q u a n t i t i e s  
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The second f a c t  i s  t h a t  most of t h e  p i c t o r i a l  d a t a  t h a t  people 

are processing are more t h a n  adequate ly  r e p r e s e n t a b l e  by 6 b i t s .  

Leese and Epstein(8)  f o r  example, mention 5 gray l e v e l s ,  which i s  2 

b i t s ,  and w e  have been u s i n g  5 b i t s  (32 l e v e l s ) .  

+ 

To expand t h i s  i d e a  i n t o  a u s a b l e  program, i t  i s  necessary  t o  

d e v i s e  a scheme of  s t o r a g e  and an order  of process ing  t h a t  would n o t  

f r i t t e r  away t i m e  by much d a t a  s h i f t i n g  and bookkeeping. Our scheme 

t o  mechanize Eq. (2) w i l l  be descr ibed  mainly i n  words, and should 

permit  any competent programmer t o  produce h i s  own program e a s i l y .  

The image i s  s t o r e d  i n  t h e  machine i n  d u p l i c a t e ,  i n  v e r s i o n s  t h a t  

w i l l  be  r e f e r r e d  t o  as t h e  f i x e d  and t h e  s h i f t e d  images, r e s p e c t i v e l y .  

Each image i s  a b lock  of  contiguous words, composed of  sub-blocks 

t h a t  r e p r e s e n t  i n d i v i d u a l  l i n e s .  

d a t a ,  each c o n s i s t i n g  of 5 b i t s  i n  our case, and i s  s t o r e d  i n  t h e  

r i g h t  end of  each t h i r d  of a machine word. 

about  one- th i rd  of  t h e  s t o r e  i s  used f o r  each image and o n e - t h i r d  f o r  

program, a 32k machine w i l l  accommodate a 30,000 

say a p i c t u r e  about  180 by 180, a t  any one t i m e .  A t  p r e s e n t ,  t h i s  

seems t o  b e  more than  adequate  f o r  a TIROS p i c t u r e ,  f o r  example. 

Each word c o n t a i n s  t h r e e  i t e m s  of  

Thus, i f  w e  assume t h a t  

+ 
sample p i c t u r e ,  

With t h e  d a t a  s t o r e d  t h r e e  t o  a word, i t  i s  e v i d e n t l y  easy  t o  

t a k e  care of  a l l  t h e  s h i f t s  t h a t  are d i v i s i b l e  by 3. We t h e r e f o r e  

cons ider  t he  e n t i r e  s e t  of  displacements  and f i r s t  g e t  C(h,k) f o r  a l l  

h d i v i s i b l e  by 3. I n c i d e n t a l l y ,  i f  t h e r e  were no o t h e r  s h i f t s ,  then  

t h e  d u p l i c a t e  image could be  dispensed w i t h  and only a s i n g l e  one used. 

Next w e  s h i f t  t h e  e n t i r e  s h i f t e d  image one datum l e f t  (12 b i t s )  and 

g e t  t h e  ACF f o r  a l l  t h e  h t h a t  are congruent  t o  1 modulo 3. F i n a l l y ,  

t h e  s h i f t e d  image i s  s h i f t e d  a g a i n  and t h e  ACF computed f o r  a l l  t h e  

h congruent t o  2 modulo 3. 

To  compute t h e  q u a n t i t y  i n  Eq. (2) f o r  any p a r t i c u l a r  d i s p l a c e -  

ment (h,k) w e  c a l c u l a t e  ( i n  a FORTRAN program) t h e  i n d i c e s  and 

l o c a t i o n s  t h a t  d e s c r i b e  t h e  two over lapping  r e c t a n g l e s  f o r  which t h e  

q u a n t i t y  i n  Eq. (2)  is t o  be found. The remaining two loops are FAP- 

coded. 

b u t  t h e  innermost loop should be as s h o r t  as i t  can  be made. This  

loop which accumulates one l i n e  of sums of p r o d u c t s  i s :  

The o u t e r  FAP loop and t h e  FORTRAN coding  can be f a i r l y  s loppy,  
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ZAC 
XCL 
CAL 
ALS 
ORA 
XCL 

ANA 
TIX 

CAQ 

SET SUM TO ZERO. 
SAVE SUM I N  MQ. 

**, 2 GET 3 DATA FROM FIRST IMAGE 
6 
**, 2 

MULT , , 6  ADD 3 MORE PRODUCTS. 
LEFT REMOVE TABLE ADDRESS BITS. 
*-7,2,1 GO GET 3 MORE PAIRS, 

AND 3 FROM SECOND. 
SUM TO AC, DATA TO MQ. 

LEFT SVN Y , - I  MASK FOR SUM OF PRODUCTS. 

T h i s  loop t a k e s  23 cyc le s .  An obvious 6-cycle  loop c o l l e c t s  t h e  

l i n e a r  sums f o r  Eq. (2) t h r e e  a t  a t i m e .  I f  t h e  formula of Eq. (3) 

can be  used,  a c o n s i d e r a b l e  sav ing  r e s u l t s .  The l a s t  s h o r t  loop i s  

n o t  needed a t  a l l ,  whi le  t h e  s h i f t  can b e  omit ted from t h e  f i r s t  loop  

and t h e  d u p l i c a t e  a r r a y s  a l l  s h i f t e d  l e f t  a f u r t h e r  6 b i t s  when they 

are  f i r s t  s e t  up. Thus i f  Eq. (3) were used, t h e  innermost loops 

would be reduced i n  l e n g t h  from 29 c y c l e s  t o  21, f o r  a f u r t h e r  27 

p e r  c e n t  r e d u c t i o n  i n  t i m e .  

I f  one h a s  f a i r l y  s m a l l  p i c t u r e s ,  say n o t  more than  about  a 60 

by 6 0  mat r ix ,  t h e n  t h e  sums might b e  accumulated a few b i t s  f a r t h e r  

l e f t ,  and t h e  ANA put  a f t e r  t h e  loop f o r  another  3-cycle  saving.  

The m u l t i p l i c a t i o n  t a b l e  can e a s i l y  be  genera ted  i n  FAP as fo l lows:  

TITLE 
T 32 MACRO 

IRP 
D SET 

DUP 
VFD 

C SET 
IRP 

T 32 END 
NOCRS 

C SET 
MULT DUP 

PZE 
MULS T32 

A 
A * 
1 , 3 2  
18 /C**-C*D ,18 /MULT 
c+ 1 

*- * 
1,32 
32*- 32WULTiMULS 
(, ,,, , , , Y  Y > 9 Y , 7 Y , , , , , , , Y , , Y 9 9 Y , 9 )  

T h i s  m u l t i p l i c a t i o n  t a b l e  occupies (32)(33)=1056 words. 
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* 
The a u t o c o r r e l a t i o n s  t h a t  w e  computed f o r  our TIROS p i c t u r e s  

c o n s i s t e d  of matrices about  145 by 145 quant ized  i n t o  32 gray l e v e l s .  

For 20 l ags  ( i . e . ,  21  x 41  v a l u e s )  t h e  computation t a k e s  about  3 .5  

minutes  on t h e  IBM 7090. T h i s  i n c l u d e s  i n p u t  of  t h e  p i c t u r e  d a t a  

and output  of t h e  a u t o c o r r e l a t i o n  f u n c t i o n  i n  p r i n t e d  and punched 

forms, a l l  under c o n t r o l  of  t h e  FORTRAN monitor .  

The sav ing  of t i m e  a f f o r d e d  by t h i s  combination of da ta  s t o r a g e  

and process ing  can be es t imated  by comparing t h e  running t i m e s  of 

t h i s  scheme w i t h  a similar c a l c u l a t i o n  made on t h e  same machine ( the  

IBM 7090) and r e p o r t e d  i n  Ref. (8). 

They r e p o r t  a t i m e  estimate of  about  7 minutes  t o  compute t h e  

a u t o c o r r e l a t i o n  of a 60 by 60 p i c t u r e  f o r  1 5  l a g s  i n  each d i r e c t i o n .  

I f  E i s  t h e  number of p i c t u r e  e lements  and M i s  t h e  number of l a g s  

i n  each d i r e c t i o n ,  then  canputa t ion  t i m e  i s  roughly p r o p o r t i o n a l  t o  

E%2. The p i c t u r e s  were 

n o t  q u i t e  square ,  b u t  were e q u i v a l e n t  i n  area t o  a 145 by 145 element 

p i c t u r e .  The a u t o c o r r e l a t i o n s  were computed f o r  20 l a g s  (21 x 4 1  

v a l u e s ) .  

2 

Our process  took 14 minutes  f o r  4 p i c t u r e s .  

Thus our process  would t a k e  about  

= 0.34 minutes  
14 (60)2 (1512 - 
4 (145)2 (20)2 

f o r  a 60 by 60  p i c t u r e  f o r  15  l a g s ,  which i s  f a s t e r  by a f a c t o r  of  

about  20. The t i m e s  given f o r  our a u t o c o r r e l a t i o n  c a l c u l a t i o n  i n c l u d e  

reading  the  p a t t e r n s  i n t o  s t o r a g e ,  doing a l l  t h e  i n c i d e n t a l  computation 

and p r i n t i n g  and punching t h e  a u t o c o r r e l a t i o n .  Of course ,  our process  

i s  l i m i t e d  t o  5 - b i t  d a t a  (32 gray l e v e l s ) ;  however Leese and E p s t e i n  

mention 5 gray l e v e l s  (2 b i t s )  and 32 should  be  p l e n t y  f o r  most 

i n v e s t i g a t i o n s  of t h i s  kind. 

+ 

* 
Up t o  now w e  have only mentioned t h e  au tocovar iance ,  o r  ACF, 

t o  avoid confusion. 
a t i o n  func t ion  i s  def ined  as t h e  normalized au tocovar iance  ( t h e  au to-  
covariance d iv ided  by t h e  i n d i v i d u a l  v a r i a n c e s ) .  The program t h a t  
was w r i t t e n  c a l c u l a t e s  and p r i n t s  ou t  1,000 t imes t h e  v a l u e  of  t h e  
normalized two-dimensional au tocovar iance  o f  our sample cloud p a t t e r n s ,  
which w i l l  b e  shown i n  t h e  s e c t i o n s  t o  fol low.  

The r e a d e r  i s  probably aware t h a t  t h e  a u t o c o r r e l -  
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A FEATURE THAT REVEALS REGULAR ALIGNMENT 

The f e a t u r e  t h a t  w i l l  be  d iscussed  i n  t h i s  s e c t i o n  i s  one t h a t  

w a s  developed ad  hoc from t h e  two-dimensional a u t o c o r r e l a t i o n  

func t ion .  

i n  more-or- less  p a r a l l e l  and equal ly  spaced rows (SCSS) from t h o s e  

t h a t  do n o t  ( s p e c i f i c a l l y ,  from CUCL). 

I t  i s  in tended  t o  h e l p  s e p a r a t e  cloud p a t t e r n s  t h a t  occur 

Let  u s  f i r s t  cons ider  t h e  a u t o c o r r e l a t i o n  p(h,k) f o r  a n  i d e a l i z e d  

p i c t u r e  composed of a l t e r n a t e  b lack  and w h i t e  s t r i p e s  of  equal  width.  

As displacements  are made a l o n g  the  s t r i p e s ,  p(h,k) remains c o n s t a n t ,  

b u t  when displacements  are made perpendicular  t o  t h e  s t r i p e s ,  t h e  

f u n c t i o n  a l t e r n a t e s  r e g u l a r l y  between +1 and -1. 

I n  t h e  case of  c louds t h a t  are roughly a l i g n e d  i n  s t reets  o r  

bands,  t h e  va lue  of  t h e  f u n c t i o n  p(h,k) would be expected t o  f a l l  o f f  

s lowly as t h e  displacement i s  increased  p a r a l l e l  t o  t h e  s t ree ts  o r  

bands. 

t h e  o s c i l l a t i o n  between +1 and -1 would b e  expected t o  d i e  away more- 

o r - l e s s  r a p i d l y ,  perhaps even i n  a s i n g l e  cycle.  Even when t h e  a l i g n -  

ment of c louds i s  only vaguely d i s c e r n i b l e  t o  t h e  eye,  i t  can be  

expected t h a t  t h e  f a l l - o f f  of t h e  c e n t r a l  hump of p(h,k) as d i s p l a c e -  

ments move away from (0,O) w i l l ,  by i t s  d i r e c t i o n a l i t y ,  i n d i c a t e  t h e  

e x t e n t  t o  which t h e  cloud elements are  a l igned .  

When displacements  are made perpendicular  t o  s t r ee t s  o r  bands,  

F igures  5 and 6 are t y p i c a l  p a t t e r n s  of i n d i v i d u a l  c loud c e l l s  

(CUCL) and t h e i r  corresponding I B M  7090 computer p r i n t o u t s  of  t h e  two- 

dimensional  a u t o c o r r e l a t i o n s .  The + lo0  (+lo%) and +200 (+20%) 

contours  are both  roughly drawn, b u t  f o r  t h i s  d i s c u s s i o n  p a r t i c u l a r  

a t t e n t i o n  should be pa id  t o  t h e  +200 contour l i n e ,  which was 

a r b i t r a r i l y  s i n g l e d  ou t  as one t h a t  seeqed t o  be  s i g n i f i c a n t  i n  

d e l i n e a t i n g  t h e  g e n e r a l  degree and d i r e c t i o n ,  i f  any, of  c loud 

a l ignment ,  as w e l l  as s e r v i n g  v i s u a l l y  t o  s e p a r a t e  SCSS p r i n t o u t s  

from CUCL p r i n t o u t s .  F igures  7 and 8 r e p r e s e n t  t y p i c a l  p a t t e r n s  of 

c loud  s t reets  (SCSS) and t h e i r  corresponding two-dimensional 

a u t o c o r r e l a t i o n  p r i n t o u t s .  The g e n e r a l  agreement between t h e  

o r i g i n a l  p a t t e r n s  and t h e i r  a u t o c o r r e l a t i o n  t r a n s f o r m a t i o n s  w i t h  

r e g a r d  t o  t h e  d i r e c t i o n  and degree o f  e longat ion  of t h e  +200 contour  
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a 9 2 9  841 462  3 7 1  3 0 4  70 31 - 3 6 - 1 1 b - 1 4 1 - 1 9 1 - ~ ? 2 - 1 P 3 - 1 3 5 - 1 1 2  -"6 I 1  3 4  6 0  

8 7 3  R 3 4  7 7 0  442  3 6 3  2 7 4  15  i r  - I 7 - 1 C 7 - 1 3 ~ - 1 9 2 - I R 2 - ! 7 4 - 1 ' 9 - 1 1 0  - 1 6  - 1  2 5  4 R  

3 4* -6R  - 9 7 , 1 7 1 - 1 5 9 - 1 ' ~ 7 - 1 5 7 - 1 ~ 1  -76 - I 7  - 3  20 4 1  

1 5 2  - 5 8  - t l 4 - 1 @ 7 - 1 ? s - 1 ~ 7 - 1 1 5  - H 3  -72 - 5 9  I 71 40 

6 6 1  -39  - 6 1  - n l  - 1 9  - ' 4  - 5 H  -48 - 4 3  -37  7 2 3  3" 

0 h 2  - 1 8  - 3 7  -51 - 1 5  -31 - 2 f  - 1 7  -20 -:e 6 1'1 I 7  

9 ~6 - 3  - 1 7  - 2 7  -4  - 1  2 0 - 5  - 7  1 11 7 1  

70  5 2  7 - 1  -10 I 1 7  1 4  6 - @  - 5  - 7  6 1 3  

3 57 2 1  9 -e !O 11 :1 7 - 3  - 7  ? J ! I '  

-19 - 1 3  - 5  57 70 79  Rb 7 7  70 ? >  1 9  I 3 2 (1 - 3  - 6  - 7  10 2 5  37 

-CO - 3 5  -25 37 54 6 6  8 7  8 4  7 p  4 5  3 1  16 1 - 1  - 5  - 5  -6  - 5  3 7  6 0  4" 

-42 - 3 5  -27 21  36 4 9  R i  R 2  n l  5 9  47 3 3  10 6 1 -1 - 5  - 6  3 7  43 '51 

-33 - 2 6  -21  5 17 2 9  7 2  R O  .!& a 1  7 1  5 0  2 9  2 4  I f  6 -0  - >  7 1  3 1  4,- 

- 2 8  -24  -22 -9  0 LO 66 8 1  " 5  110 132 71 5 3  4 5  I 6  1 5  5 - 1  l1 1 '  

-37 - 3 4  -32 -25  -16  -7 61 8 1  1.2 137  I 3 2  I ? ,  +3C 69 5 6  2 4  I O  - 4  -24 - 2 2  - l P  

-59 -54  -so -42 - 3 5  - 2 7  5 1  7 7  11'2 1 5 4  1 5 2  1 4 7  : ( I1  99 7: 74  4 -!.r - 5 3  - 5 4  -51 

- 8 3  - 7 7  -71  -12 -56  -49 3 5  6 4  q <  1 5 7  I S ?  1 5 5  110 7 6  1 H  14  - 9  - 5 2  -3) - n S  - 9 '  

101 -94 -88 -79 - 7 5  -b8 1 4  4 3  7 4  144 1 4 R  1 4 6  101  ' $ 5  7 1  0 - ? 4  - 2 1 - 1 0 ~ l - l l l - l n 0  

-108-103 -98 - 9 3  -90 -84  -10 16 - 5  1 1 5  119 1 1 8  n2 7 0  5 7  - 1 3  - 3 7  - 0 ? - 1 7 ? - 1 2 6 - 1 "  

109-106-103-lC3-101 - 9 7  -40 - 1 8  6 72  7 9  flu 5 4  4 5  14 -15 - ' tb - h 8 - 1 2 f i - l j 1 - 1 ' ( '  

107-101-107-111-110-108 -69 -53 - 3 3  7 5  3 4  3 4  23 I R  11  - 3 5  - 2 1  - 0 9 - l ? l - 1 ~ * - ~ ~ 4  

F i g .  6 (Con t inued) 

Frame 32 
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C I I ' , < l  b : : <  l b l l = , f K =  4 3 3 C 3 C L  C ' I M I I L I I S  '.ELL: F Q  3 3  

b 2  4 L  2 )  - 3 3  -..I - 5 2  -51  -47 - 4 8 .  - 3 0  - 3 i l  - 3 4  - 3 3  - 3 1  - 2 5  11 2 1  3 2  7 4  75 7: 

5 9  ' * i  2 5  - I >  - 2 3  -;fI -27 -28  -2'1 - ? 7  - 3 )  -40 -47 -45 -40 -13  -0 10 5 7  63 6 6  

-r4 '+fi 7 7  Q 1 -'L - 6  -[I - 1 2  -11 -29 - 3 3  -55 - 5 3  -49 - 3 1  -23 -12 3 3  43 50  

40 Y, 1 1  2,. 7 1  1 5  1 7  7 , - 9  - 1 8  - 2 8  -53 - 5 1  - 5 s  -50 -42  - 3 3  s 2 0  2 1  

11 1 3  1 7  36 44 . 3 i  30 26 2 1  3 - ~ t  -14 - 5 3  -55 -57 -66 - 5 0  -51  - 1 5  - 3  6 

-26 - - ( I  - I  37 + 5  5 1  j4 41 b 3  I7 'I -1  -50 -55 - 6 0  -80 -75 - 6 9  -36 -25 - I &  

-66 - 3 5  - 3 6  35 52 O h  I 1  75 h 7  70 14 5 -46 -54  - 6 1  - 8 d  -85 -9; -56  -45 - 3 9  

-94 -73 -3? 3 7  6 0  $el 105 39 9 1  *2 2 7  I 1  -42 -52  - 5 9  -87 -47 -57 -75  -69 - b l  

-101 -7'1 - > 5  4 1  O S  dL I l Y  116 I O 0  56 3'2 22 -20  -37 -4ti -73  - R 7  - 9 1  -92  -A7 - H h  

- 8 5  -S7 - G I  37 5 9  7: i l l  I 1 1  106 6 3  47 3 4  - 1 1  -LO -2Y - 6 0  -68 -r7 -99  -99 -99 

-57 -4*i - 3 1  7? 4 1  2 3  4 0  3 9  '3Y <,1 5 3  4 5  1 3  6 0 -26  -36  -47 -R7 -93 - 9 5  

-25 - 2 d  - 1 5  d : J  1 ' ;  44 53  51t 5 3  53 5 1  40 37 3 ?  22 14 2 ->> - 6 3  -70 

o -1. - 3  - 1 1  - 1 5  -1; 3 2 2  3 4  5 9  6~ 14 7 9  q i  an 71 57 -5  - 2 :  - 3 4  

I 4  1 1 - 2 2  -2'7 -24 - >  1J 2 1  2; 0 3  74 1.14 113 121 125 1 1 5  1 0 1  3.5 1 4  - I  

35 L h  :3 - 7  - 1 4  - 1 3  3 16 2 3  ~9 73 R, I 3 0  142 150 1 5 1  141 1 Z I  60 3 7  I 4  

36 44 I 2  1 5  97  147 1 5 7  152 154 1 4 2  I 2 6  6 2  3fl  1'1 

6 0  59 ! 6  3 4  9') 146 151  153 135 1 2 1  13.3 4 1  22 1 

76 6 4  50 76 1 5  173  1 2 5  1 2 3  9 5  8 1  6 3  10 -5  - 7 ;  

7 4  5 1  'I9 47 49 7 4  74 71 47 33 1 8  -24 - 3 3  - 4 1  

5 7  i s  -1, -11 - I  7 1 1  i n  -0 - 7  - i d  -42 -45 -46 

'el ? - $ 3  - 3 , l  -44 -47 -43 -4!1 -34 - 3 5  -3A -37 -36 -1? 

1 -3.) - 1 3  - 9 1  - 8 7  -39 -'I3 -96 -61  - 5 3  -47 - 2 5  -21) - 1 3  

- 1 4  -4, - 7 H  - Y 1  -77-115-:17-135 -hh - 5 2  -40 - 6  11 5 

- 1 5  - ? a  -b7 - 7 1  - 7 1  - 9 5  -91  -9.r -02 -40 - 3 +  -0  4 8 

- 2  - 1 9  - 2 9  - 3 5  -40 -59  -67 - 7 1  - 5 1  -46 - 3 9  -12 - R  -L 

3 5  4 0  , I>  43 R6 P I  6 1  50 4 1  46 3 q  3 2  

I4 1 3  17 5 4  67 6,. e l  77 74 / 5  63 5) 

3 -E - 1 2  I 9  3 1  4! 85 R9 9? P7 7) 57  

-25 - 4 C  -4r', -26 - 1 4  - 1  6 5  16 PL !'.3 69 53  

-57  -75 - P I  - a 4  -72  - 5 P  I n  35 5 ;  6 3  56  46 

- M 5 - 1 " 5 - 1 7 1 - 1 ~ 7 - 1 i 7 - l l ~  -36 - 1 4  'r 53 50 4 7  

-~01-17i-131-171-~64-15~ -71 -55 - ? L  3 9  47  5; 

- 9 4 - 1 i 3 - 1 3 1 - 1 7 7 - 1 7 3 - l b 3  - 9 5  -72 - 5 1  27 4 3  52 

-66 - 8 ~ - 1 3 0 - 1 5 P - 1 4 7 - 1 4 2  -84  -56 -4" 1 4  2" 39 

-26  --41 -56 -77 -77 -9'. - 4 9  - 3 0  - 7 C  -9 9 I C  

I I  - c  -1; - 3 5  - 3 7  -36 - I C  - P  - e  - 1 3  - 7  c 

4C 3 5  3 1  26 22 ICI 2 j  (0  1 4  - I S  -1' - 7  

54 5 6  OJ 7 7  6 P  oC 42 34 7 5  - 1 3  -14 -11 

59  69 79 9'9 7 2  Q 7  '16 35 75 - 1 1  - 1 4  -14 

62  r 4  3 7  I , /  7 1  A P  42 30 I; - 1 3  -18 -2c  

0 -16 -34 -61 -67 -6, -39 - 3 7  - ? b  

i n  - 7  - 2 1  - 5 4  -55  -53  -27 -18  - 1 0  

6 -7 - 2 1  -4C I  -3F - 1 7  0 10 1 Y  

4 -4 - 1 2  -16 - 1 2  -6 13 4 5  52 

8 4 n 1 1  16 26 6 4  73 7s  

2 1  20 2 1  36 4 4  5 1  45 90  93 

4G 4 1  41 61  6 7  I :  IC0 100 7 7  

55 54 54  72 77  8 0  94 90 3 3  

50 53  53  7 4  75  74 7Y 7 3  65 

38  42 4 3  t 7  66 63 59 > I  4 1  

2 4  30 32 55 5 2  44 36 28 18 

1 4  22 26 40 3 +  2 r  8 o -6 

3 9 1 3  19 I 1  4 -15 - 2 1  -2t 

- 9  -4 -7 -1 -7 -14 -35 -4G -44 

-24 - 2 1  -19 -25 - 3 0  - 3 5  -53 -56 -6C 

Fig. 6 (Continued) 

Frame 33 
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100 

1 $ ' 1 l l l  1 ,  I ,  1 1 3  l J 7  7'3 6.' 5 7  54 6 0  60 50 3 2  1 7  3 

1 4 3  I l i  L I L  1 1 5  : I J  I ' b  119 1 1 3  : S I  4 2  l ?  15 7 5  91r 7 3  l 5  4 1  2 7  1 3  

1 5 3  1 4 1  ! ? 4  : l p - d 6 g  I 116 1 1 1  l i . :  i 3 ' ;  1 3 2  1 3 C  1 2 5  17 *5 h L  a.1 5 6  7 1  5 2  7 6  5 2  7 1  50 7 4  5'3 7 0  4 1  3 1  2 2  2 1  11 1 1  

1 2 7  ; I  Y I  9 '  171)  1 2 5  113 15'+ 5 R  4 e  i.1 3 2  2 h  2 l  3 3  2 2  1> 1 

1 2 4  f i l  I42 1 5  I l l  l i l  ' I  5 2  4? 3 3  2 1  5 7 1 2  1 7  I 1  LO 

1 3 5  I 1 3  I 4  ' il 74 7 7  9 1  7 '  ' I >  I 1  1 1  5 )  4 ?  2 %  -4 - 3  5 1 3  15 16 

159 1 3 3  l h 1 Q  1 1  d 4  77 7 6  7'1 t i l  8 3  7 4  5 3  3 0  -10 -12 - >  10 16 ? ?  



I -  . 

C l H t K I  FOR OH=OK= 4 40 F R A M E  40 

-17 -72-102-115-103 -81 -5 15 28 46 39 32 -22 -39 -47 -41 -39 -29 0 5 8 

-10 -66 -97-117-105 -85 -17 7 27 64 57 4 8  -23 -41 -48 -48 -45 -39 -13 -5 -0 

8 -40 -65 -89 -82 -68 -17 6 24 70 61 47 -21 -41 -50 -55 -52 -45 -19 -10 -3 

27 -11 -29 -58 -59 -54 -27 -4 11 ' 54 42 24 -39 -55 -61 -68 -65 -51 -16 -4 3 

57 25 13 -36 -43 -46 -35 -13 C 40 27 7 -47 -59 -61 -61 -59 -45 -2 9 15 

86 55 41 -30 -+l -50 - 3 3  -12 2 32 17 -3 -58 -68 -67 -52 -48 -35 8 19 22 

99 66 50 - 3 1  -50 -57 -42 -23 - 1 1  23 13 -7 -61 -73 -70 -43 -36 -25 8 18 24 

-48 -60 -58 -37 -22 31 28 1 1  -51 -69 -71 -51 -46 -36 - 1  7 15 

-39 -51 -66 -43 -23 53 57 41 -37 -62 -73 -64 -60 -51 -13 1 15 

-15 -30 -62 -36 -14 80 85 70 -18 -46 -60 -75 -73 -66 -24 -4 16 

-5 -23 -54 -27 -0 91 99 86 0 -27 -49 -93 -92 -80 -28 -7 14 

17 -12 -35 -48 -19 6 101 1 1 1  101 15 - 1 1  -34-104-107 -93 -16 8 28 

-27 -53 -52 -24 2 104 121 117 4 4  13 -13 -96-106 -94 -4 23 45 

-34 -57 -65 -38 -14 93 112 117 81 50 22 - 7 4  -88 -80 0 25 46 

-47 -65 -79 -51 -27 71 91 91 98 73 46 -48 -60 -52 16 37 51 

-66 -83 -73 -44 -19 53 70 74 94 75 51 - 3 4  -45 -36 29 47 55 

4 -61 -69 -66 -30 -3 68 85 87 117 101 75 -20 -35 -28 40 62 76 

20 -25 -57 -76 -48  -24 63 83 93 134 I15 88 -29 -48 -46 2 4  49 70  

-35 -70 -99 -78 -63 24 54 77 133 114 88 - 4 4  -65 -67 -8 14 33 

-45 -84-125-109 -96 -3 36 69 142 124 99 -28 -55 -60 -16 3 20 

37 -13 -87 -77 -67 18 64 96 163 146 122 1 1  -18 -32 -I5 -0 IO 

651 587 499 5 -40-132-128-125 -40 4 38 106 94 77 -2 -28 -46 -42 -30 -21 

30 -8 -94 -92-100 -24  19 46 99 83 66 4 -18 - 3 4  -40  -26 -15 

1 -24 - 8 0  -70 -68 14 50 71 96 71 43 -26 -45 -57 -47 -24 -5 

-16 -47 -91 -71 -56 4 3  78 96 98 69 36 -59 -80 -91 -71 -42 -15 

-14  -48-114 -97 -83 33 75 100 99 70 38 -59 -79 -90 -83 -55 -23 

27 -6-100 -91 -82 21 66 98 113 89 60 -29 -47 -58 -65 -46 -18 

179 159 150 45 12-105-104 -99 -10 34 65 97 78 53 -24 -38 -45 -49 - 3 4  -15 

181 158 153 51 18-122-124-124 -49 -6 27 79 68 48 -20 -36 - 4 2  -38 -26 -12 

67 27-127-132-133 -66 -28 1 68 60 47 -23 -41 -50 -47 -38 -26 

129 116 12 6 7  27-125-127-126 -56 -17 IO 69 60 47 -24 -45 -56 -55 -48 -40 

44 8-123-127-129 -67 -24 7 71 62 44 -31 -55 -71 -74 -66 -56 

59 32 1-121-126-127 -80 -38 -1 79 71 53 -28 -56 -75 -83 -72 -57 

98 89 89 48 23 -5-123-132-136 -85 -45 -13 63 60 46 -25 -56 -77 -93 - 8 1  -61 

99 88 88 4 3  18 -10-124-132-130 -76 -37 - 1 1  49 48 40 -10 -38 -58 -80 -68 -47 

86 79 8 1  42 15 -15-128-130-124 -65 -31 -10 35 37 36 2 -20 -CO -59 -47 -29 

57 56 67 34 10 -18-131-134-l28 -12 -41 -25 23 30 36 14 -7 -23 -45 -35 -21 

27 38 61 46 22 -8-118-125-124 -89 -61 -45 16 28 39 27 6 -10 -37 -29 -15 

8 31 6 2  65 36 6-101-109-111-102 -81 -68 - 3  1 1  27 31 1 1  -5 -38 -28 -15 

-10 19 54 74 k5 I 3  -79 -85 -88-107 -92 -82 -25 -8 7 25 6 - 1 1  - 4 3  - 3 4  -22 

-17 1 1  49 81 54 23 -53 -58 -62 -96 -88 -82 - 3 4  -16 -0 18 1 -16 -45 -38 -27 

F i g .  6 (Continued) 

Frame 40 
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C I H I K I  F O R  O H = O K *  4 42 F R ~ E  42 

-52 -66 -62 -72 -67 -67 -94 -99-135 -96 -85 -79 -74 -70 -73 -81 -75 -71 -67  -67 -67 

-44 -57 -52 -55 -47 -46 -83 - 8 9  -96-101 -90 -82 -60 -52 -53 -74  -73 -72 -27 -77 -76 

-26 -41 -38 -44 -31 -28 - 7 0  - 7 7  -86-130 - 9 1  -83 -48 -35 - 3 4  -61 - b 4  -68 -85 -84 -81 

-7 -21 -19 -31 -18 -15 -57 -64  -73 -94 -88 -82 -36 -18 -15 -48  -53 -bZ -89 -87 -BO 

5 -4 1 -14 -5 -5 -52 -57 - 6 4  -87 -85 -81 -33 -11 - 4  -39 -47 -59 -89 -85 -76 

13 7 18 6 0 1 -53 -55 -59 -84 -83 -80 -40 -15 -4 - 3 4  -43 -55 -83 -79 -?l 

20 1 7  33 27 24 9 -49 - 4 7  - 4 7  -80  -81 - 8 1  -52 -25 -11 -27 -35 -I5 -I5 -73 -66 

20 20 40 41 33 13 - 4 4  -36 - 3 4  -75 -78 -81 -66 -40 -23 -16 -20 -29 -65 -64 -60 

24 26 50 57 47 23 -33 -22 -17 -56 -58 -62 -69 -46 -30 0 2 -2 -48 -49 -44 

34 37 64 I2 60 3 9  -21 -12 -7 -32 -32 -38 -b3 - 4 4  -31 8 17  16 -27 -32 -29 

21 20 20 29 36 32 -23 -17 -16 -1 13 22 

65 42 -33 -29 -18 

68 -33 -32 -23 

-27 -28 -22 

-6 - 1 3  -12 

11 5 3 

27 22 17 

42 40 35 

58 61 LO 

67 77 81 

68 81 90 

62 75 86 

55 66 7 4  

50 55 60 

46 44 46 

19 1 1  10 

11 -4 -11 

4 -20 -33 

-9 -39 -54 

-25 -54 -67 

40 4 3  45 77 78 b7 -33 -59 -71 

36 35 32 47 50 44 -29 -52 -64 

3 4  33 26 16 19 18 -24 - 4 1  -52 

33 34 2 3  -9 -8 -8 -22 -33 -40 

54 15 8 71-1 45 21 - 1 4  -I 14 28 30 18 -38  -40 -40 -28  -32 -33  
~ 

34 -4 -16 23 50 71 40  2 0  4 -20 -5 11 26 26 10 -67  -71 -75 -40 -36 -30 

24 -14 -29 -15 6 24 1 1  -0  -7 -8 6 22 25 22 3 -89-100-103 -54 -45 -31  

20 -16 -32 -41 -27 -17 -26 -27 -26 0 16 32 22' 15 -2-101-114-119 -68 -56 -40 

20 -12 -26 -55 -50 - 4 7  -63 -60 -51 1 18 33 8 3 -11-102-117-124 -?9 -66 -49 

13 -14  -26 -60 -61 -65 -94 -92 -82 -6 12 25 -13 -18 -29-103-116-122 -84 -73 -58 

5 -20 - 2 8  -62 -66 -72-107-136 -99 -12 S 15 -33 -37 -47-105-114-117 -80 -72 -59 

-7  -27 -32 -64 -74 -83-114-110-100 -18 -3 5 -43 -50 -61-107-111-111 -7I -67 -50 

-26  -40 -39 -62 -75 -90-120-111 -95 -22 -10 -2 -42 -51 -64-105-106-103 -67 -64 - 5 8  

-M -54 -48 -54 -68 -86-121-139 -91 -26 -19 -13 - 3 7  -45 -57 -96 -95 -92 -59 -59 -56 

-52 -62 -56 -50 -61 -77-113-131 -83 -28 -24 -20 -33 -37  -45 -78 - 1 7  - 7 4  - 5 1  -52 -51 

Fig. 6 (Continued) 

Frame 42 
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Fig. 8 Computer printouts of the autocorrelation 

for stratocumulus street patterns 
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Fig. 8 (Continued) 
Frame 16 



-42- 

C l H , K l  FOR O H = O K =  4 3 O S C S S  S T R A T O C U M U L U S  S T R E E T S I  S T R A I G H T  F R  30 

- 1 6 5 - 1 5 8 - 1 5 8 - 1 5 4 - 1 5 1 - 1 4 ) - 1 2 9 - 1 2 0 - 1 1 4  - 9 9  - 9 3  -85 -70 - 5 9  - 5 2  -41 -44 - 4 9  -59  -62  -63 

-164-159-158-163-158-149-129-119-114-101  - 9 7  - 9 1  -82  - 7 3  - 6 7  -58  -61 -63 -66 -67 -68 

-167-162-164-174-170-160-136-125-117  - 9 6  - 8 9  - 8 1  - 7 9  -72  -69 -65  -68 -70 -70 -68 -67  

-170-164-165-180-175-163-131-118-107  -86 -76  -65 - 5 6  -52  -51  -62  -64 -65 -66 - 6 5  - 6 5  

-183-179-183-194-189-177-134-121-109  -84 - 7 3  - 5 9  -39  - 3 5  -35  -49  - 5 1  - 5 1  -52 -52  - 5 7  

-192-193-198-212-204-192-145-132-120  - 9 4  - 8 2  - 6 5  - 3 2  - 2 4  -24  -36 -36 -33 -26 - 2 8  -33 

-176-185-194-219-214-203-165-151-138-104  - M 9  -72 - 2 9  -19 -18 - 2 8  - 2 3  - 1 7  -3 -4 -9  

- 1 3 6 - 1 5 4 - 1 6 8 - 2 0 6 - 2 0 6 - 2 0 4 - l 9 3 - 1 8 2 - 1 6 7 - 1 2 6 - 1 1 1  -92  -44 - 3 5  -34 - 3 5  - 2 5  -14  8 8 5 

-67 -89 -107-161-170-176-193-190-179-136-118-100  - 5 7  - 4 9  -48 -40 -27  - 1 1  2 0  2 3  2 5  

19 - 5  - 2 3  -84 -95 -109-158-164-160-134-122-107  -74  - 6 9  - 6 7  -56  - 4 1  - 2 3  2 3  2 8  3 1  

loo* 1 - 1 3  -82  -97 -103-102  -93  -84 - 7 4  - 7 3  - 1 6  -70  -56  -38 10 1 7  2 5  

117 10 7 9  66  10 -7  -18 - 3 1  - 2 8  -26  -30 -37  - 4 5  -54 -48 -36 2 9 1 5  

100 8 7  113 1 1 1  70 5 5  5 1  43 4 3  44 2 6  2 0  LO -9 - 8  - 5  6 9  1 2  

73 6 7  04 10 3 9 2  I39 9 2  1 0 2  1 0 4  102 86 7 9  70 4 9  4 5  4 2  27  2 6  2 5  

73 60 6 2  6 R  6 5  5 6  7 6  80 9 3  1 2 4  1 2 9  1 2 7  1 2 9  127 124 119 116 114 9 0  82  7 7  

5 7  - 1 1  - 1 8  - 2 1  o 6 i o  

6 9  5 8  4 7  

73 6 2  49 4 5  3 7  3 1  2 6  26  21  79 7 9  77 86 78  70  78  7 8  79 7 8  7 2  6 6  

3 5  2 4  -6 - 1 1  -20 6 2 -2  0 - 7  - I 3  1 5  22 3 1  46 46 4 5  

5 7  4 1  -4 -14 - 2 6  - 2 2  -33 -41 -63 -70 -74 -*6 -39 -32  -6 -4 - 3  

80 66 2 1  1 2  0 -16 - 3 3  - 5 2  - 8 2  -92-101 - 9 2  - 9 0  -87 -64 -60 -56  

19 44 6 4  6 1  7 3  6 4  44 40 34 11 -2  -24  - 7 7  -90 -102-115-119-124-113-109-104  

-67  - 3 9  - 1 3  3 3  3 3  34 4 5  5 0  5 2  36 2 4  4 - 6 0  -75  -90 -115-121-127-131-130-127  

- 1 3 6 - 1 1 3  - 9 1  - 4 3  -35 - 2 6  1 1  24  3 5  41 3 5  2 5  -30 - 4 7  -60 -92  -99 -107-124-125-124  

- 1 7 6 - 1 6 1 - 1 4 6 - 1 1 6 - 1 1 0 - 1 0 3  -52 - 3 5  - 1 9  16 2 0  I 9  - 1 7  -31 -40 - 7 3  -83 - 9 3 - 1 1 3 - 1 1 6 - 1 1 5  

- 1 9 2 - 1 8 3 - 1 7 2 - 1 6 2 - 1 5 8 - 1 5 ~ - ~ ~ 8 - 1 0 0  -82 -29  - 1 5  -8  -11 - 1 7  - 2 1  - 5 5  -65  -76  - 9 5  - 9 8  - 9 8  

- 1 8 ) - 1 7 6 - l 6 6 - ~ 7 0 - 1 6 7 - ~ ~ 5 - 1 5 2 - ~ 4 1 - 1 2 9  -86  - 6 9  - 5 6  - 3 2  -31  -30 - 5 6  - 6 5  -76  -87  - 8 8  - 8 6  

- ~ 7 0 - 1 6 4 - 1 5 5 - 1 6 0 - 1 5 4 - ~ 5 ~ - 1 5 8 - 1 5 2 - ~ 4 7 - ~ 2 ~ - ~ 0 9  - 9 8  - 6 7  -65  - 6 2  - 7 4  - 7 7  -82 -85  - 8 7  -83 

~ l ~ 7 ~ ~ ~ ~ ~ ~ ~ 1 ~ l 5 Z - ~ ~ ~ - 1 3 9 - 1 ~ 6 - 1 4 2 - ~ ~ 9 - 1 3 1 - 1 1 9 - 1 1 0  - 9 3  -91 - 8 9  - 9 6  - 9 5  -96  -93  - 8 9  -84 

- 1 6 4 - i 5 6 - ~ 4 4 - 1 3 a - 1 3 0 - 1 z j - 1 ~ 5 - 1 2 2 - 1 1  ll4-104 - 9 6  - 9 5  -92 -90 -103-104-107-103-100  - 9 5  

~ 1 6 5 ~ I 5 6 ~ ~ ~ 4 ~ 1 3 1 - 1 ~ 0 - ~ ~  1 1 4 - 1 1 0 - 1 0 5  - 9 5  - 8 2  - 7 5  - 7 9  - 7 7  -74 - 8 8  - 9 1  -96 -105-104-100  

~ O S C S P S ~  

.t 
Fig. 8 (Continued) 
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C 1 H . K )  FUH OH=OK= 4 47 F R  4 7  

-44 -43 -44 -56 - 3 1  -40 -46 -46 -41) -S6 -70 -72 -75 -72 -67 -64 -65 -64 -56 -48 -39 

-40 - 3 R  -37 -74 -73 -24 -32 -36 -42 -bl -72 -72 -72 -68 -64 -58 -56 -53 -35 -26 - 1 R  

-56 -54 -50 -33 -28 -26 -35 -43 -51 - 1 3  -76 -74 -65 -63 -58 -40 -34 -29 -2 6 13 

-38 - 3 3  -29 -17 -7 -2 - I 1  -77 -35 -62 -64 -61 -49 -44 -40 -18  -13 -10 15 20 25 

-21 -16 - I ?  3 4 4 -22 -33 -42 -74 -73 -70 -62 -58 -54 -36 -32 -26 -5  -0 2 

0 2 4 I6 16 15 -16 -26 -37 - 6 1  -60 -58 -53 -49 -49 -43 -39 -37 -19 -12 - 7  

41 35 33 10 27 1 1  -19 - 3 1  -41 -6R -69 -69 -61 -61 -62 -64 -65 -61 -49 -42 -36 

32 21 18 -2 -5 -117 - 5 5  - 5 3  -h9  -112 - H O  - 7 7  -61 -59 -60 -65 -68 -70 -65 -58 -52 

44 78 17 - 1 1  - 1 Y  -23 -70 -73 - A 3  -78 -74 -67 - 4 3  -45 -50 -59 -64 -68 -72 -68 -63 

12 -9 -23 -57 -56 -60 -')6-1l2-107 -R7 -77 -71 -38 -40 -46 -50 -53 -56 -62 -62 -57 

-24  -44  -54 -71 -71 - 1 2  -81 -47 -96 -51 -49 -42 -17 -20 -27 -21 -30 -32 -40 -42 -39 

-76 -90 -75 -)O -t'5 - # I  - 7 M  -76 -78 -78 -19 -15 -6 -13 -20 -13 - 1 4  -16 -33 -39 -37 

-135-139-133 -90 -76 - 6 3  -40 -38 -35 11 27 31 31 27 24 22 20 15 -9 -17 -17 

-147-140-IL2 -46 - 1 7  - 1 1  ? I  25 26 67 69 69 62 57 52 32 25 21 - 1  -4 -4 

84 7'4 71 4 3  37 36 24 23 24 

93 84 47 4 3  42 39 39 42 

85 7 0  S O  47 48 49 50 5 4  

91 86 65 61 58 54 57 64 

50 46 39 3 7  3 3  34 39 47 

32 33 3 4  34 34 52 57 65 

32 23 I R  3 8 14 I 8  23 26 48 54 61 

-15 -8 I5 22 27 52 56 60 

12 I 8  32 36 39 5 4  57 59 

25 30 36 37 4 1  52 53 52 

75 76 67 63 66 63 60 58 

-54 -79-133-715-21~-203-134-1~6 - 1 4  7 ?  24 72 9 R  91 R2 5 H  5 4  54 4 5  40 35 

- 1 4 5 - 1 1 9 - 1 ~ ~ - ~ ' 1 H - 1 1 d - I 7 J  -55 -24 ? 94 117 I27 I21 103 86 55 53 48 32 26 20 

-147-l6t-ll4-l~b-IJl -711 5 3  4 r l  1'17 I49 173 16R I14 90 66 27 7 1  I8 0 -5 -12 

-135-140-131 -63 -27 1 I l b  1 3 4  147 179 173 1 5 9  73 43 I 8  - 1 1  -13 -14 -28 -31 -37 

-76 -73 -64 28 5 6  81 1 6 4  172 174 I 5 R  144 125 29 3 -19 -40 -38 -36 -45 - 4 5  -45 

-24 -13 - 2  14  25 1 1 6  157 I56 151 15 7 3  50 -36 -55 -70 -77 -71 -64 -64 -60 -56 

12 77 39 103 1 1 2  121 1 2 6  I70 109 38 I5 -5 - R l  -90 -96 -84 -73 -64 -52 -46 - 4 1  

44 57 6 5  I7 LOJ 99 16 32 67 -37 -59 -77-124-124-121 -92 -87 -71 -51 -45  -40 

32 40 44 49 44 47 1 -8 - 1 6 - l l l - 1 1 4 - 1 2 4 - 1 3 3 - 1 2 4 - 1 1 1  -61 -50 -39 - 1 4  -9 -4  

41 41 36 19 8 -0 - 4 4  -b5 -50-1~5-1j9-139-126-LLO -94 -29 -17 -8 6 9 I 1  

0 - 4  - 1 3  -34 -4rl - 5 7 - 1 0 2 - 1 1 j - 1 2 4 - 1 4 4 - 1 3 8 - l 3 0  -93 -75 -56 I 3  22 30 43 41 39 

-21 -34 -46 -65 -70 -77-107-135-1116-102 -74 - R 5  -38 -21 -5 44 49 54 5 4  50 47 

-38 -54 -70 - 4 1  - > 4  -Y6-100 -i7 - 2 2  -63 -54 -46 - 3  8 19 4 3  49 50 36 30 26 

-56 - 7 1  - R 4  -96 -95 -91 -71 -52 -51 - 1 4  -6 2 35 40 4 3  46 43 38 12 6 I 

-40 -54 -66 - 1 3  -69 -63 - 3 1  -20 -7 I 8  21 25 36 33 29 8 0 -6 -38 - 4 5  -46 

-44 -53 -61 -29 -54 - 4 7  - 1 3  - I  I 24 22 20 6 -0 -8 -37 -43 -51 -83 -88 -86 

F i g .  8 (Continued) 
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CIH,K) FCR OH=OK= 4 5OSCSS S T R A T O C U M U L U S  S T R E E T S t  S T R A I G H T  FR 50 

-86  -94  -95 -91-102-104-120-121-129-126-127-127-134-135-134-121-125-122-100 -92 -52 

-98-106-106-101-1 12-1 11-133- 138- 138- 132- 1 3 4 - 1 3 4 - 1 4 6 - 1 5 0 -  149-144-143-140-121-113-104 

-122-129-129-125-129-132-141-143-141-134-131-140-158-162-162-155-155-153-141-134-125 

- 1 4 3 - 1 5 2 - 1 5 2 - 1 4 3 - 1 4 4 - 1 4 4 - 1 4 1 - 1 4 1 - 1 3 1 - 1 3 0 - 1 3 5 - 1 4 0 - 1 6 5 - 1 1 0 - 1 1 1 - 1 6 2 - 1 6 1 - 1 6 0 - 1 5 3 - 1 4 1 - 1 4 0  

-156-161-169-158-151-152-138-135-128-125-133-141-168-112-111-162-162-160-155-151-146 

- 1 5 2 - 1 6 6 - 1 1 0 - 1 6 1 - 1 6 1 - 1 6 4 - 1 4 4 - 1 4 0 - 1 3 2 - 1 2 9 - 1 4 0 - 1 4 8 - 1 6 7 - 1 6 9 - 1 6 7 - 1 5 0 - 1 5 0 - 1 4 8 - 1 4 4 - 1 4 2 - 1 4 0  

-130-149-151-164-169-169-152-149-142-140-150-151-163-163-159-139-139-131-134-133-131 

-81-106-111-144-155-162-154-154-151-155-163-168-166-165-160-142-142-141-135-133-129 

- 1 9  -44 -60-101-118-130-136-140-141-158-168-174-114-113-168-156-151-155-145-141-1~6 

5 1  2 1  10 -35 -54 -10 -92-104-112-145-160-169-180-182-119-172-115-115-163-151-150 

1 3  - 2 1  - 3 8  -52-103-121-135-158-163-165-113-111-118-111-166-156 

19 - 3 7  -56  - 7 0  -95-105-112-131-144-149-155-153-141 

3 4  1 9  8 - 1  - 1 3  -25 - 6 6  -18 - 8 9 - 1 1 4 - 1 1 1 - 1 1 1  

118 119 1 4 8  152 154 1 8 9  186 1 1 8  145 1 3 5  I22 

3 7  3 8  36  3 4  4 9  52 54 82  8 1  16 65 6 2  5 1  

55 45 31 4 9  54 56  19 82 

- 1 9  - 6  5 69 7 4  10 52 41 

- 8 1  -10 - 5 1  -6 - 2  -4 - 7  -6  

4 7  1 7  6 -5  - 2 0  -19 -19 - 1 4  -17 - 2 1  - 1 7  - 1 3  -10 

7 2  2 0  3 - 1 6  - 6 1  -66 -12 -90 - 9 3  -91 -85 - 7 1  -70  

8 3  3 3  11 - 2  -61  - 1 1  -80-115-119-122-115-104 -96 

14 38 2 1  12 -35  -45 -55  -99-104-109-110-102 -91 

39  2 1  22 14 - 1 1  -18 - 2 6  -61  - 6 8  -14 -90 - 8 7  -85 

-9 - I  0 -0 -0 - 3  - 8  -32 -35 -40 -66 -61 -11 

-130-121-113 -82 -71 - 7 7  - 6 3  -58 -56 - 3 5  - 3 0  - 2 7  -12 - 1 2  - 1 4  -19  -19  -20 - 4 4  -49  -58 

- ~ 5 2 - 1 4 6 - 1 4 2 - 1 3 1 - 1 2 9 - 1 2 8 - ~ 0 3  - 9 4  - 8 9  - 6 5  -60 - 5 7  -40 -31 - 3 6  -21 - 2 4  - 2 1  - 3 2  - 3 7  - 4 5  

- 1 5 6 - 1 5 1 - 1 4 9 - 1 4 8 - 1 4 6 - 1 4 ~ - ~ ~ 3 - 1 1 2 - 1 0 4  - 8 9  - 8 5  - 8 3  - 6 8  -65  -bZ -43 -31 -32 - 2 1  -29 -35 

- ~ 4 3 - 1 3 9 - 1 3 1 - 1 4 1 - 1 4 0 - 1 4 ~ - ~ 2 5 - ~ ~ 5 - ~ ~ ~ - ~ ~ ~  -99-100 - 8 5  -80 - 1 5  -52 -41 -43 -30 - 3 1  - 3 5  

- ~ 2 2 - 1 2 2 - 1 2 3 - 1 3 2 - 1 3 3 - 1 3 4 - ~ 2 3 - ~ ~ 4 - ~ 0 9 - ~ 0 6 - ~ 0 6 - 1 0 ~  -89 -84 -19  -62 -56 -52  -4) -42  - 4 3  

- 9 8 - 1 0 1 - 1 0 5 - 1 1 1 - 1 1 6 - 1 1 6 - ~ ~ 7 - ~ 0 ~  -98  -99  -98 -98 - 8 1  -78  -71 -69 - 6 3  -60 - 5 7  - 5 1  - 5 7  

- 8 6  -89 -93 -102-101  -99  -90 -86 -85 - 8 9  -89 - 8 9  - 7 9  - 7 8  -18 - 1 7  -12  - 6 8  - 7 3  - 7 3  - 7 1  

Fig. 8 (Continued) 
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: ( t i , K l  FOR O + i = P K =  4 b 3 S C S a  S T t P T D C J Y U L U S  S T t t k T S ,  5lKAl;HT r A  6 3  

2 7  2 2  2 7  51 2 1  I I  - 1 3  - 3 1  - 8 8  -91 - a a  - 5 1  -45 -39  - 3  I (, 2 2  I V  21  

6 -2 - 5  31 4 1  5 2  72 59 41 -35 - 5 2  - 6 5  - 6 7  - 6 0  - , I  -1.l - 8  - I  - 6  -19 - J  

2 -11  - I 1  8 14 L 3  6 6  69 bM 19 2 2  6 - 5 2  - 5 J  - 6 1  - 2 8  - 7 1  - I 7  - 1 3  - I 9  -22  

2& 12 I O  I 1  I C  I 2  36 41 4 9  16 1 1  6 2  2 - 1 4  - 2 8  - 4 0  - 3 7  - 3 2  - &  -9 - H  

7 3  5 3  4d 35 2 9  L4  1 6  1 8  2 1  56 6 2  6 5  4 6  35 2 2  - 2 2  - 3 1  - 3 6  - 1 6  - 1 2  -6 

18 7 0  5 6  5 6  4 5  2 )  1 4  6 5 3 12 41 4 1  39 4 -7 - 2 3  38 - 3 8  -32  '3 d 8  8 5  7 8  15  / I  6 4  52  3 9  - I  - 1 7  - 2 2  - 3  4 7 13 7 -3 -18 - 3 5  -38  

5 0  49 59 8 9  Y O  I2 1 3 6  191) '11 14 1 2  - 3  -43 -43 -41 -21 -13 -9 -16 - 2 3  - 2 9  

- 1 9  - I5  3 7 7  8 5  99 111 11; 1 1 2  ' 11  75 5 6  -22 -4" - 2 1  -54 - 4 6  -3d - 3 A  -40 - 4 1  

-32 -44 - 3 5  4 5  5 t .  7~ I J J  132 1,) I J /  l:2 16 4 3  2 5  7 - 3 )  - 3 6  - 4 3  - 7 0  - 1 6  -7tl 

4 -8 3 13 1 9  10 7 7  h 3  1 6  98 V9 9 2  Hb 17 70 1 7  2 - 6 7  - 7 8  - 8 4  

I ?  63  0 -4 - 1 4  8 2 1  35 18 LII 8 4  9 1  9 2  '12 7 3  6 2  46 - 3 2  - 4 8  -5i 

114 I12 1 0 4  h l  3 8  I 6  - 1 6  - 1 4  - 7  62 5C 5 6  7 3  7 2  7 5  8 0  7 6  6 8  V - 7  - 1 M  

9 5  d2 6 6  I 1  / I 3 S 7 3 3  39 4 5  6 4  5 4  6 3  31 2 3  I 1  

5 6  41 4 7  8 5  8 4  0 3  I C ,  6 1  5 3  1 9  5 - 2  I 8 14 3 0  3 6  3 4  2 1  I 6  1 4  

l b  -0 I 31 3 5  4 3  1 7  113 3 6  5 7  40  25 - 6  -0 -9  0 - 1  - 5  -19 -21  - 1 3  

- 3  - 2 6  - 2 7  - 1 9  - 2 2  - L Z  1 I 6  %G 5 3  4 6  3 3  2 - 6  - 1 4  - 3 4  - 3 8  -42  - 5 7  - b o  - 6 J  

''5 IW 

6 -9  -26  - j 5  -44 - 6 0  - b l  - 5 6  - 1 1  -4 3 I 1  U 3 - 3 4  - 4 5  - > 4  - s 9  - 7 2  - 7 1  

- 3  - 2 5  -43 -9:-151-1.8 - I 5  - I C ,  - 1 2  - 1 5  4 I 7  7 - 9  -22 ->C, . > 2  -49 

o 2 V  5 5 1  4 4 8  - R R  - 6 1  - 9 0  2 3  74 19 - 1 4  - 2 1  - 2 3  

1 3  - 7  - ~ 5  -?3-111-124-121-102 - 1 7  2 0  4 )  54 5 1  S I  4 2  

b>V 6 1 6  081  4 8 7  435 3 L >  ~ - 1 5 - 1 1 ' l - I 2 1 - 1 4 2 - 1 7 7 - 1 7 5 - 1 6 7 - 1 C 0  - 7 5  - 5 0  2 1  78  32 

2s 
I O  

'Om 8 3  8 2  3 8  2 1  11 - 3  -Y - 1 4  - 1 6  - 6  7 5 1  5 6  

1 ? 6 - 1 5 0 - 1 3 7 - 1 2 3  - 4 5  - 2 8  - 1 2  

I ~a9- 133-  1 3 6 - 1 3 6 - 1  11  - 3 7  - 0 3  

- 4 7 - 1 3 1 - L 1 0 - 1 1 8 - 1 4 0 - 1 3 4 - 1 2 4  

1 5  -68 - 9 1  - ? 2 - 1 2 0 - 1 1 9 - 1 1 7  

hh -52 - 1 1  -a5-isi-i5o -91) 

3 1  - 2 6  -44 - 6 3  - 8 5  -84 - d 2  

$34>; ;; >, 34 28  11 -36 - 4 8  - 5 3  - 4 4  - 3 0  - 1 V  - 1 3  - I 7  - 2 5  - 5 8  - 6 3  -66 

36  34 41) 7 3  7 5  1 ,  4 2  34  2 8  4 0 - 2  -38  -45  - 2 3  - 7 J  -04 - 2 8  - 4 2  -43 - 3 8  

-32 - 4 6  - 4 1  i4 2 2  2 6  ? I  I 1  - J  - 2 5  -21 - I 2  5 5 7 -52 - 5 7  - 6 2  -65 - 6 0  - 2 4  

- 1 9  - 5 1  - 6 1  -4d -44 - 3 1  -22 - 2 6  - 3 2  - 4 b  - 4 3  -34 - 2  6 11 - 1 2  -15 -22  - 5 4  - 5 6  -56 

53 I 8  2 - 4 5  - 5 7  -hM - I S  - 7 3  - 7 3  - > I  - 4 6  -41 -26 - 1 7  - 1 1  6 1 4  I &  - 5  - 1 3  -22  

8 1  7 2  I5 - 7  - 1 ~  -'I+ - 7 8  - 9 7  -66 - 6 J  -55  - 4 7  -41  - 3 6  - I 9  2 1 4  2 7  2 5  2 3  

8 9  90 T J  3 3  12 - 2 )  -65 - 7 7  -86  - 8 5  -MI - 6 7  -60 - 5 5  -40 -32  - 2 2  I 1  ? 1  2 7  

I 3  6 2  68 93 d 4  7 2  23 5 - 1 3  - 7 2  - 6 1  -85 - 8 )  - 6 9  -63  -53 - < I  -49 -25  - 1 3  - 1  

2 8  1 4  15 47 5 3  5 b  4V 4 3  1 3  - 3 5  -54 -69 - 3 5  - 7 3  - 6 2  - 4 8  - 4 7  -49 -51 - 4 4  - 3 5  

2 - 1 2  - 1 4  -2 -U 2 10 I 3  1 4  - 3  -24 -31 - 1 6  -69 - 0 1  - 3 d  - 3 3  - 3 1  - 4 2  - 6 3  -44 

6 - 8  -14 - 2 8  -32 - 4 b  -44 - 4 3  - 4 1  - 3 3  -30 - 3 1  -46 -43 - 4 2  - 3 5  - 2 9  - 2 5  - 2 0  - 2 0  - 2 2  

2 7  9 - I  -42 -53 - 6 2  -9d -96-150 -90 - 8 2  - 7 2  - 4 5  - 3 6  - 3 1  - 3 3  -10 - 2 7  - 1 5  - 1 2  -13  

7 2  4a 44 4 )  - 5  -21 - 3 6  - 8 4  - 8 1  - 7 1  -13 - 3 2  - 2 5  -32 - 3 8  - 4 3  I I L L  I J d  

3 

F i g .  8 (Continued) 
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Fig. 8 (Continued) 
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C I H . K I  FOR OH=OK= 4 66SCSS S T R A T O C U M U L U S  S T R E E T S .  S T R A I G H T  FR 66 

-82 -73 -68-100-105-106-101-100 -99 -85 -78 -74 -64 -58 -51 -44 -47 -53 -62 -64 -63 

-99 -85 -74 -92 -95 -97 -92 -92 -91 -82 -77 -73 -57 -52 -47 - 3 4  -33 -35 -45 -49 -50 

-107 -98 -90 -90 -89 -88 -81 -78 -75 -73 -72 -74 -64 -58 -53 -34 -28 -25 -24 -27 -28 

-103-101 -98 -93 -89 -83 -69 -64 -59 -54 -58 -66 -75 -72 -66 -38 -31 -25 -2 -0 0 

-85 -88 -88 -94 -89 -81 -57 -50 '-44 -35 -40 -49 -72 -71 -67  -41 -36 -31 1 1  19 25 

-52 -61 -66 -89 -R5 -76 -47 -38 -30 -16 -19 -27 -52 -54 -53 -43 -41 -37 14 26 37 

-1 -19 -33 -72 -70 -62 -35 -24 -16 4 3 -4 -22 -24 -27 -36 -36 -35 5 19 3 4  

6 1  40 19 -48 -50 -48 -24 -13 -3 24 24 19 5 3 -1 -27 -30 -31 -5 6 

2 19 5 12 22 33 63 65 61  54 54 52 31 23 16 -0 -3 

85 62 62 64 76 76 73 54 50 

94 61 55 50 46 51 55 52 45 
\IILII/ 

88 65 42 29 36 45 62 64 67 09 88 89 70 58 47 26 28 31 45 39 

21 

6 

-3 

-1 

23 

53 

73 

83 

89 

88 

75 

6 4  

64 

51 

25 

13 

21 

39 

51 

48 

38 

32 

79 58 3 8  19 26 32 45 45 41 41 49 59 69 61 50 12 8 5 25 26 27 

(0' 4 75 52 8 9 13 28 33 3 4  9 13 23 58 57 52 6 -4 -13 -2 7 16 

117 10 79 2 -5 - 1  2 12 21 8 6 7 37 40 40 1 -8 -17 -23 -12 1 

to  2) 86 1 1  - 3  -14 -24 -12 0 4 3 3 18 19 18 -5 -8 -15 - 3 4  -27 -13 

61 69 69 32 16 0 -32 -23 - 1 3  -10 -9 -5 8 5 1 -11 -11 -14 -38 -35 -27 

-1 10 20 3 R  28 12 -33 -32 -28 -32 -28 -21 0 -1 -6 - 1 4  -13 -15 -35 -39 -38 

-52 - 4 3  -33 14 1 2  2 - 4 3  -45 -42 -44 - 4 3  -39 -15 -14 -18 -18 -14 -13 -30 -37 -39 

-85 -80 -74 -27 -24 -26 -53 -57 -58 -53 -53 -53 -35 -30 -28 -19 -14 -11 -31 -36 -37 

-103-103-104 -75 -68 -64 -61 -66 -69 -66 -65 -64 -50 -44 -39 -26 -21 -17 -30 - 3 4  -32 

-107-115-122-114-103 -92 -70 -72 -74 - 7 4  -73 -70 -59 -55 -51 -37 -33 -26 -25 -26 -25 

-99-111-124-139-129-116 -61 -78 -77 -75 -75 -73 -61 -56 -54 -45 - 4 3  -42 -29 -25 -21 

-02 -91-103-147-i45-140-101 -93 -88 -80 -79 -76 -60 -54 -49 -45 -48 -50 -39 -30 -21 

Fig. 8 (Continued) 
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i s  obvious, and looking a t  t h e  p r i n t o u t s  a lone ,  one could e a s i l y  

recognize them as d e r i v a t i v e s  of e i t h e r  SCSS o r  CUCL photographs.  

However, t h e  p r i n t o u t s  of p (h ,k )  do no t  h e l p  us t o  s e p a r a t e  

t h e  two p a t t e r n  c l a s s e s  i n  any q u a n t i t a t i v e  way,  a necessary  s t e p  

i n  t h e  developnent of an au tomat ic  r e c o g n i t i o n  scheme. What w e  seek ,  

t h e r e f o r e ,  i s  a s imple measure oL t h e  amount and d i r e c t i o n ,  if  any,  

of t h e  c e n t r a l  hump of p (h ,k ) .  

of c o n ~ e n t r a t i o n ( ~ )  i f  t h e  c e n t r a l  hump of p(h ,k)  i s  cons idered  

t o  be terminated a long  some p o s i t i v e  contour  (e .g . ,  where p(h ,k)  = 0.2)  

and then i s  regarded as a d i s t r i b u t i o n  over two v a r i a b l e s .  

one f inds  a curve enc los ing  t h e  c e n t e r - o f - g r a v i t y  po in t  of t h e  hump i n  

such a way t h a t  i f  a m a s s  u n i t  i s  uniformly d i s t r i b u t e d  over t h e  area 

bounded by t h e  curve ,  t h e  d i s t r i b u t i o n  w i l l  have the  same f i r s t  and 

second moments as t h e  o r i g i n a l  d i s t r i b u t i o n .  Then an  e l l i p s e  having 

t h e  r equ i r ed  proper ty  i s  found. The d i r e c t i o n  of t h e  major a x i s  of  

t he  e l l i p s e  i s  given by 

Such a measure i s  r e a d i l y  a v a i l a b l e  i n  t h e  form of t h e  e l l i p se  

E s s e n t i a l l y ,  

2%1 

p20 - Po2 

t a n  28 = , 

where P a r e  c e n t r a l  moments. The r a t i o  of axes  i s  i j  

where \ and h are t h e  r o o t s  of 2 

The r a t i o  of axes  may be used as a measure of 

of t h e  clouds i n t o  s t r e e t s  o r  bands.  A va lue  

= o  

t h e  degree of a l ignment  

nea r  u n i t y  imp l i e s  no 
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alignment, while ratios far from unity indicate striation. The 

direction of the major axis of the ellipse gives the direction of the 

streets. * 
The ratio of the semi-minor axis to the semi-major axis for 

each of a number of samples from our two pattern classes have been 

calculated; these are given in Figs. 5 and 7 in conjunction with the 
corresponding pattern picture. The directions of the streets derive 

from computed values of the x and y components of the major axes. 

The correspondence within and the distinction between the two classes 

can be seen from the photography, and despite the small sample covered 

by each picture, the ratio of the axes seems to be quite meaningful as 

a distinctive and important: cloud-pattern feature for use in an 

automatic pattern-recognition system. Of further importance, this 

parameter should also permit quantitative description of the degree 

and direction of alignment of the ever-changing cloud scene as it is 

presented to the sensor on board the satellite. 

DETERMINATION OF AMOUNT OF CLOUD COVER 

A problem of some importance in the analysis of meteorological 

satellite photography is that of determining total cloud cover over 

the entire earth - -  an important consideration in studies of 
atmospheric motions, cloud physics, radiation balance, and climatology, 

for example. However, the manual task of counting and sizing, or of 

subjectively estimating cloud cover from pictures is immense and 

unrewarding. 
Briefly stated, the problem is one of developing and using a 

method that automatically distinguishes clouds from clear areas 

regardless of background (i.e., terrain features, water, ice, snow), 

and then simply performs an areal count of the total cloud content 

in the photograph. An exploratory step towards the eventual solution 

of this problem will be described. 

* 
Because the procedure for displacing the images in the auto- 

correlation calculation results in only one-half of an ellipse (when 
computed), we deal only with the semi-minor and the semi-major axes. 
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Consider a p i c t u r e  c o n t a i n i n g  a random assor tment  o f  c louds p lus  

clear a r e a s .  It i s  assumed t h a t  t h e  g e n e r a l  exposure w a s  uniform, o r  

t h a t  any s imple b r i g h t n e s s  t r e n d  w a s  removed. The problem i s  t o  

choose a reasonable  i n t e n s i t y  t h r e s h o l d  t h a t  s e p a r a t e s  c loud from 

noncloud. T h i s  t h r e s h o l d  i s  t o  be  a d j u s t e d  a u t o m a t i c a l l y  t o  d i f f e r e n t  

p i c t u r e  exposures and c o n t r a s t s .  T h i s  d i f f e r s  from t h e  approach 

taken  by Arking (lo) i n  t h a t  t h e  b r i g h t n e s s  o r  i n t e n s i t y  t h r e s h o l d  i s  

determined a u t o m a t i c a l l y  and o b j e c t i v e l y ,  r a t h e r  than  by human 

observers  and s u b j e c t i v e  means. 

* 

Explanat ion of  t h e  r u l e  t h a t  fol lows i s  based on a s imple 

i n t u i t i o n  t h a t  seems t o  be borne ou t  i n  t h e  samples t h a t  w e  examined, 

i . e . ,  t h a t  t h e  g r a d i e n t  o f  i n t e n s i t y  a t  t h e  edges of c louds  i s  l i k e l y  

t o  b e  h igher  t h a n  elsewhere i n  t h e  p i c t u r e .  The t h r e s h o l d  i s  t h e r e f o r e  

taken  t o  be  t h e  average i n t e n s i t y  over r e g i o n s  of  t h e  p i c t u r e  where 

t h e  g r a d i e n t  i s  high.  

r e p r e s e n t a t i o n  proceeds by t h e  fol lowing s t e p s  : 

Mechanization of t h i s  r u l e  on a d i g i t a l  

1. S t a r t i n g  w i t h  t h e  o r i g i n a l  image, a new image i s  produced 

whose va lue  a t  each p o i n t  i s  t h e  a b s o l u t e  v a l u e  o f  t h e  b r i g h t n e s s  

g r a d i e n t  surrounding t h a t  p o i n t  i n  t h e  o l d  image. 

c a l l e d  t h e  g r a d i e n t  image. 

The new image i s  

2. The d i s t r i b u t i o n  of i n t e n s i t i e s  f o r  t h e  g r a d i e n t  image 

i s  t h e n  found. (See Table  1 f o r  example.) For a n  a r b i t r a r y  f r a c t i o n ,  

p, of  t h e  g r a d i e n t  image's d i s t r i b u t i o n  (e.g. , where p = t h e  upper 1/8), 

l e t  g be t h e  g r a d i e n t  l e v e l  f o r  which p = p r o b a b i l i t y  t h a t  t h e  

g r a d i e n t  l e v e l  i s  2 g. 

3 .  Form a t h i r d  image, c a l l e d  a "mask," whose v a l u e  i s  1 where 

g r a d i e n t  l e v e l  i s  2 g,  and whose v a l u e  i s  0 elsewhere.  

4. Form another  image whose i n t e n s i t y  a t  each p o i n t  i s  t h e  

product  of  t h e  o r i g i n a l  image and t h e  mask. 

those  p o i n t s  of  t h e  o r i g i n a l  where t h e  g r a d i e n t  was h i g h ,  namely t h e  

upper p of  t h e  g r a d i e n t  image d i s t r i b u t i o n .  

T h i s  image c o n s i s t s  of 

Let  c b e  t h e  average 

i n t e n s i t y  over t h e  nonzero p o r t i o n s  o f  t h i s  product  image. 
* 

For a d i s c u s s i o n  of pre-whitening,  t h e  r e a d e r  i s  r e f e r r e d  t o  
Leese and E p s t e i n , ( 8 )  p. 637. 
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Table 1 

DISTRIBUTION OF INTENSITIES FOR GRADIENT (FRAME 02 CUCL) 

Gradien t  

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

10.4 

23.9 

17 .4  

24.3 

7 . 1  

9.2 

3.1 

2.0 

1.0 

0.6 

0.3 

0.2 

0.1 

0.1 

0.1 

0.0 
I 

- 

iccumulated 
T o t a l  

~ - 

10.4 

34.3 

51.7 

76 .0  

83 .0  

92.3 

95.3 

97.3 

98.3 

99.0 

99.2 

99.4 

99.6 

99.7 

99.8 

99.8 

-pupper  1 / 4  

--p=upper 1 / 8  

e - p v p p e r  1/16 

Gradien t  
Level  (g) 

16 

17 

18 

19  

20  

2 1  

22 

23 

24 

25 

26 

27 

28 

29 

30 

31  

~ -~ ~ 

% 
Frequency 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

Accumulated 
T o t a l  

99.8 

99.8 

99.9 

99.9 

99.9 

99.9 

99.9 

99.9 

99.9 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 
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5. Use c as t h e  t h r e s h o l d  above which one c a l l s  a p o i n t  “cloud.” 

It is  then a simple matter t o  de te rmine  t h e  amount of c loud  cover by 

f i n d i n g  t h e  f r a c t i o n  of p i c t u r e  b i t s  t h a t  a r e  whi te .  

The p a r t  of t h e  program t h a t  produces t h e  g r a d i e n t  image may be 

of i n t e r e s t  t o  those  r e a d e r s  who a r e  o r  who may become engaged i n  

t h i s  kind of programming. The g r a d i e n t ,  i n  r e c t a n g u l a r  c o o r d i n a t e s ,  

i s  G = ( a I / a x , a I / a y ) ,  where I denotes  t h e  o r i g i n a l  image va lue ,  and 

t h e  q u a n t i t y  being sought i s  

Because t h e r e  may be some t e n s  of thousands of image p o i n t s ,  t h e r e  

would be many square  r o o t s  t o  t a k e ;  hence, i n  o rde r  t o  speed up 

computation, t h e  rough approximation 

1 = $aI/ax)2 + ( a I / ay )2  . 

t 

w a s  used 

f o r  d a t a  

i n s t e a d .  T h i s  makes l i t t l e  p r a c t i c a l  d i f f e r e n c e ,  e s p e c i a l l y  

which l i k e  ou r s ,  are given only t o  5 b i t s  anyway. It makes 

i t  easy  t o  keep t o  our philosophy of hand l ing  t h e  p i c t o r i a l  d a t a  i n  

packed form, 6 per machine word, and doing t h e  necessa ry  o p e r a t i o n s  

e n  masse wi thout  unpacking t h e  d a t a ,  a procedure t h a t  saves  much 

machine t i m e .  I n  o rde r  t o  r e t a i n  t h e  e x t r a  b i t ,  t h e  q u a n t i t y  a c t u a l l y  

adopted f o r  our computations w a s  2(max) -t (min). 

The s t e p s  above were p rogramed  and t h e  computations were then  

d isp layed  on t h e  SC 4020, which i s  capable  of bo th  d i s p l a y i n g  and 

photographing computer-generated d a t a .  (Output t a p e s  from t h e  IBM 

7090 con ta in  t h e  necessa ry  codes f o r  d i s p l a y i n g  such t h i n g s  as h a l f t o n e  

informat ion ,  v e c t o r s ,  g raphs ,  and alphanumeric c h a r a c t e r s .  ) Figures  

9 and 10 are reproduced from t h e  SC 4020 d i s p l a y  as a ser ies  of two- 

l e v e l  images; they  show t h e  cloud p i c t u r e s  t h a t  r e s u l t  ( r igh t -hand 

s i d e  of each p a i r )  f o r  p = upper 1/16 (.937), p = upper 1/8 (.875), 

and p = upper 1 / 4  (.750). The legend i n d i c a t e s  t h e  b r i g h t n e s s  o r  

i n t e n s i t y  l e v e l  c a t  which each image was c l i p p e d  on a 3 2 - l e v e l  gray  

s c a l e .  

a similar SC 4020 d i s p l a y  f o r  frame 02 CUCL i s  shown i n  F ig .  11.) 

The l e f t -hand  s i d e  of each f i g u r e  i s  t h e  mask, and t h e  legend 

i n d i c a t e s  t h e  g r a d i e n t  l e v e l ,  g, f o r  each p as “ g r a d i e n t  ove r . . .  . 

(An example of t h e  o r i g i n a l  i n t e n s i t y  d i s t r i b u t i o n  copied from 

I I  
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The f igu res  are meant t o  be i l l u s t r a t i v e  only ,  and t h e  r e a d e r  i s  

reminded t h a t  t h e  approach t h a t  y i e l d e d  t h e  p i c t u r e s  i s  an  exp lo ra -  

t o r y  one only. Arguments as t o  t h e  p t h a t  b e s t  f i t s  t h e  o r i g i n a l  

image (our pe r sona l  choice  i s  p = upper 1/81 cannot be pursued t o o  

f a r .  One should remember t h a t  t h e  real  c loud  scene  i s  n e i t h e r  f u l l y  

nor a c c u r a t e l y  po r t r ayed  by t e l e v i s i o n  images. Clouds (as w e l l  as 

noncloud a r e a s )  w i th  dimensions smaller than  t h e  r e s o l u t i o n  l i m i t  of 

t h e  system a u t o m a t i c a l l y  "disappear" completely o r  become inco rpora t ed  

wi th  t h e  background scene  t o  produce something t h a t  i s  e i t h e r  

d i f f i c u l t  o r  imposs ib le  t o  i n t e r p r e t ,  l e t  a l o n e  d e t e c t .  
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V I .  CONCLUDING REMARKS 

I n  t h i s  r e p o r t ,  w e  have put f o r t h  some i d e a s  and d i scussed  some 

techn iques  f o r  t h e  d a t a  r educ t ion  of s a t e l l i t e - g e n e r a t e d  cloud 

photography, u s i n g  both  general-purpose d i g i t a l  computer programming 

and  ana log  devices .  

c o n t r i b u t i o n  towards t h e  eventua l  s o l u t i o n  of  sane  of  t h e  d i f f i c u l t  

i d e n t i f i c a t i o n ,  r e c o g n i t i o n  and c l a s s i f i c a t i o n  problems i n  

me teo ro log ica l  s a t e l l i t e  r e sea rch  and a l s o  t h e  d a t a  s t o r a g e  and 

r e t r i e v a l  a s p e c t s  of  t h e  data-handling problem. We have shown t h a t  

w i thou t  s p e c i a l l y  cons t ruc t ed  computers, d a t a  r e d u c t i o n  t i m e  can be 

d r a s t i c a l l y  c u t .  

d e r i v e d  a u t o m a t i c a l l y  t h a t  w i l l  d e s c r i b e  t h e  degree and d i r e c t i o n  

of alignment of s t r i a t e d  c louds .  

a t t a c k  on t h e  problem of au tomat i ca l ly  a s s e s s i n g  t h e  amount of 

c loud  cover from s a t e l l i t e  photography por tends  w e l l .  Other 

techniques  f o r  p o s s i b l e  f e a t u r e  e x t r a c t i o n  from c loud  p a t t e r n s  have 

been sugges ted  here ,and  t h e s e  may prove u s e f u l  f o r  f u r t h e r  r e s e a r c h  

i n  p a t t e r n  r ecogn i t ion .  

I n  doing so,  w e  b e l i e v e  w e  have made a real  

We have shown t h a t  a meaningful parameter can be 

The promising r e s u l t s  from our  

It i s  no t  necessary  f o r  au tomat i c  systems t o  match f u l l y  t h e  

c a p a b i l i t i e s  of  t h e  meteoro logica l  a n a l y s t  o r  i n t e r p r e t e r  a t  a l l  

l e v e l s  of  s o p h i s t i c a t i o n .  Done a u t o m a t i c a l l y ,  t h e  economical and 

r e l i a b l e  performance of a l imi t ed  number of s e l e c t e d  t a s k s  should 

a l low a s u b s t a n t i a l  r e d u c t i o n  i n  t h e  m a s s  o f  t h e  p i c t o r i a l  d a t a  

t h a t  must be c o l l e c t e d  and processed i n  space ,  t r a n s m i t t e d  over 

l i m i t e d  bandwidths t o  t h e  ground, f u r t h e r  processed by humans on t h e  

ground, and r e t r a n s m i t t e d  t o  use r s  a long  f u r t h e r  narrowed cormnunica- 

t i o n  channels .  I n  p a r t i c u l a r ,  t he  development of r ecogn i t ion  

t echn iques  by ana log  and d i g i t a l  means n o t  only promises t o  wri te  

f i n i s "  t o  much of t h e  drudgery (and many of t h e  e r r o r s )  of p re sen t -  

day v i s u a l  de t e rmina t ions ,  bu t  i t  may a l s o  l ead  t o  new and more 

o b j e c t i v e  and q u a n t i t a t i v e  s tandards  f o r  d e s c r i b i n g  and c l a s s i f y i n g  

c loud  images from photography i n  r e l a t i o n  t o  t h e i r  me teo ro log ica l  

s i g n i f i c a n c e .  

11 
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Looking ahead a number of y e a r s ,  i t  appears  p o s s i b l e  t h a t  methods 

can  be  developed and devices  b u i l t  t h a t  w i l l  a u t o m a t i c a l l y  h e i g h t e n  

d i s t i n c t i v e  photographic  f e a t u r e s  of  c louds  and t h e i r  p a t t e r n s ,  and 

l i m i t  t h e  bulk of  photography t h a t  must now be  analyzed and i n t e r p r e t e d  

by reducing t h e  amount of  in format ion  t h a t  i s  both  redundant and of  no 

p o t e n t i a l  meteoro logica l  va lue .  S p e c i f i c  p a t t e r n s  and f e a t u r e s  w i l l  

a l s o  be  e x t r a c t e d  and i d e n t i f i e d ,  t h u s  provid ing  i n v a l u a b l e  

i n t e r p r e t a t i o n  a i d s  t o  t h e  m e t e o r o l o g i s t .  
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Appendix 

I 

SOME DATA HANDLING SCHEMES AND ROUTINES 

USEFUL FOR PICTURE PROCESSING 

Because s e v e r a l  groups seem t o  be working w i t h  d i g i t a l  p i c t u r e  

p rocess ing  on IBM 7090 series machines, it seems worthwhile t o  d e s c r i b e  

s t o r a g e  schemes and r o u t i n e s  t h a t  have been found f a s t ,  e f f i c i e n t  and 

reasonably  f l e x i b l e .  

These schemes and r o u t i n e s  a r e  based on c a r e f u l  a d a p t a t i o n  t o  

p a r t i c u l a r  c h a r a c t e r i s t i c s  of  t h e  computer. 

counter  t o  modern a b s t r a c t  fash ions ,  i t  i s  t h e  only way t o  achieve  

a c c e p t a b l e  speed now. 

Though t h i s  approach runs 

PICTURE DATA HANDLING 

Data Storage  

The amount of core  s t o r a g e  a v a i l a b l e  i s  one o f  t h e  most immediately 

obvious c o n s t r a i n t s  t o  be considered.  

image on t a p e ,  wi th  only  a po r t ion  of  i t  i n  f a s t  s t o r a g e  at: any i n s t a n t ,  

was no t  pursued.)  

d i f f e r e n t  ve r s ions  of  t h e  image a v a i l a b l e  a t  once. 

32 k machine t h e  p r a c t i c a l  l i m i t  i s  about  10,000 36-b i t  words f o r  

one d i g i t a l  r e p r e s e n t a t i o n  of t h e  p i c t u r e .  

(The i d e a  of  keeping t h e  whole 

For some purposes i t  i s  convenient  t o  have two 

There fo re ,  i n  a 

Since  cloud images can be (and p r a c t i c a l l y  o f t e n  a r e )  r ep resen ted  

on a f a i r l y  l i m i t e d  i n t e n s i t y  s c a l e ,  one 36 -b i t  word w i l l  s t o r e  

s e v e r a l  p i c t u r e - i n t e n s i t y  measurements. The obvious choice  f o r  t h e  

IBM machines i s  s i x ,  s i n c e  the  very u s e f u l  conver t  i n s t r u c t i o n s  handle  

d a t a  i n  6 - b i t  b i t e s .  

con ta in ing  some 60,000 r e so lvab le  e lements  or  t h e  equ iva len t  of  a 300 

by 200 element p i c t u r e  (almost a s  many elements  as a r e  e x h i b i t e d  on 

a n  average  TV sc reen ) .  

Th i s  choice permi ts  process ing  of  images 

However, f o r  most purposes a 5 - b i t  range i s  p r e f e r a b l e  t o  6 because 

some opera t ions  r e q u i r e  t h a t  d a t a  b e  surmned, t h e  e x t r a  b i t  a t  t h e  

l e f t  of each c h a r a c t e r  be ing  needed t o  accommodate overf lows.  

d a t a  can be 6 - b i t s  per  c h a r a c t e r ,  b u t  w i l l  o r d i n a r i l y  be  r e s c a l e d  t o  

t h e  i n t e n s i t y  range 0 S x 5 31 before  f u r t h e r  process ing .  

Raw 
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Since  t h e  p i c t u r e  i s  a r e c t a n g u l a r  array o f  i n t e n s i t y  measurements, 

whereas machine s t o r a g e  i s  a l i n e a r  s t r i n g ,  an  arrangement i s  needed 

t o  r e l a t e  p i c t u r e  coord ina te s  t o  s t o r a g e  l o c a t i o n s .  P i c t u r e s  come i n  

v a r i o u s  p ropor t ions  and s i z e s .  To a l low d a t a  a lways  t o  be s t o r e d  

compactly and e f f i c i e n t l y ,  i t  w a s  decided n o t  t o  s t o r e  t h e  p i c t u r e  i n  

a n  a r b i t r a r y  r e c t a n g u l a r  array of f i x e d  dimensions. 

always s t o r e d  as a one-dimensional a r r a y ,  w i t h  i t s  upper l e f t - h a n d  

co rne r  a t  a l o c a t i o n  P ( l )  near t h e  upper l i m i t  of s t o r a g e  ( i n  FORTRAN 

comon) .  Success ive  l i n e s  of t h e  p i c t u r e ,  t r a c e d  from l e f t  t o  r i g h t  

and t o p  t o  bottom, as i n  a TV scan ,  are s t o r e d  i n  s u c c e s s i v e l y  lower 

s t o r a g e  p o s i t i o n s .  Two v a r i a b l e s ,  NW and NR, d e s c r i b e  t h e  c u r r e n t  

p i c t u r e  dimensions and are kep t  i n  t h e  common r e g i o n  f o r  t h e  use  of  

a l l  r o u t i n e s .  NR i s  t h e  number of rows ( h o r i z o n t a l  l i n e s )  i n  t h e  

p i c t u r e .  

t h a t  make up a row. Thus,  t h e  d a t a  f i l l  t h e  array s o l i d l y ,  and t h e  

parameters d e s c r i b e  i t s  p ropor t ions .  

The p i c t u r e  i s  

NW i s  t h e  number of words, each c o n t a i n i n g  s i x  d a t a  i tems ,  

Data C a r d  Format 

A s  long as d i g i t a l i z e d  p i c t u r e s  are s t o r e d  on magnetic t a p e ,  i n p u t  

and output a r e  s t r a i g h t f o r w a r d ;  i n  f a c t ,  u s ing  our arrangement,  a 

p i c t u r e  could be r ep resen ted  on t a p e  by a parameter record ,  g i v i n g  i t s  

dimensions and i d e n t i f i c a t i o n ,  and one long r e c o r d  f o r  t h e  p i c t u r e  

i t s e l f .  Th i s  arrangement would make i n p u t  very f a s t  and simple.  

Unfor tuna te ly ,  cond i t ions  d i d  not  f avor  t h e  u s e  of t a p e ,  so  

ano the r  scheme u s i n g  c a r d s  h a s  provided t h e  main i n p u t ,  o u t p u t ,  and 

s t o r a g e  media. 

column b inary ,  d a t a  ca rds .  The r eason  f o r  a s p e c i a l  ca rd  format i s  

obvious. The d a t a  t o  be  saved are 6-bi.t i t e m s .  An a b s o l u t e  column 

b ina ry  card has  space a v a i l a b l e  f o r  22 words o f  36 b i t s  each and w i l l  

t h e r e f o r e  hold  132 d a t a  i t e m s .  The 300 by 200 p i c t u r e  mentioned 

e a r l i e r  would f i t  on to  some 450 ca rds .  If one h a s  s e v e r a l  dozen 

p i c t u r e s ,  t h e  r e s u l t i n g  p i l e  of c a r d s  w i l l  be l a r g e ;  however, t h e  

convenience of be ing  a b l e  t o  load  e x a c t l y  t h o s e  p i c t u r e s  t o  be  processed 

on a given run compensates somewhat f o r  t h e  bulk .  The arrangement of  

d a t a  on these  c a r d s  i s  desc r ibed  i n  terms of % - b i t  words w i t h  b i t s  

numbered from 0 t o  35. 

T h i s  scheme invo lves  r e a d i n g  and punching s p e c i a l ,  



-83- 

Word 1 con ta ins  d a t a  needed by t h e  loading  r o u t i n e .  

B i t s  0 t o  5:  number of words of  d a t a  on t h i s  card  

B i t s  6 t o  11: column b i n a r y  i n d i c a t o r  b i t s  (05) 

B i t s  12 t o  23: x-coordinate  of f i r s t  d a t a  word 

B i t s  24 t o  35: y-coord ina te  of f i r s t  d a t a  word 

Word 2 con ta ins  a l o g i c a l  36Lbit check stun. 

Words 3 through 24 may conta in  6 d a t a  items each,  r e p r e s e n t i n g  t h e  

p i c t u r e  i n t e n s i t i e s  as i n t e g e r s  i n  t h e  range (0,63). The remaining 

space (columns 73 through 7 8 )  con ta ins  h o l l e r i t h  i d e n t i f i c a t i o n  f o r  

t h e  p i c t u r e .  

The x and y coord ina te s  mentioned above are t h e  coord ina te s  of 

word l o c a t i o n s  wi th  x i n c r e a s i n g  from l e f t  t o  r i g h t  and y from t o p  t o  

bottom of t h e  p i c t u r e .  The p i c t u r e  i s  b u i l t  of "br icks"  (words) 

1 d a t a  i tem high by 6 long. Each  d a t a  card  c o n t a i n s  a s t r i n g  of  words 

t h a t  runs  t o  t h e  r i g h t  a c r o s s  t h e  p i c t u r e ,  s t a r t i n g  a t  t h e  word whose 

coord ina te s  are ( x , y ) .  The program (PATIN) t h a t  r eads  t h e s e  s p e c i a l  

d a t a  ca rds  pu t s  t h e  d a t a  from each ca rd  i n t o  the  p i c t u r e  a t  t h e  

l o c a t i o n  s p e c i f i e d  by t h e  x,y on t h a t  c a r d ;  t h e r e f o r e ,  ca rds  need no t  

be kep t  i n  o rde r .  F igure  12 i l l u s t r a t e s  the  arrangement.  The upper 

l e f t m o s t  word of t h e  p i c t u r e  has  word coord ina te s  NXA, NYA and i s  

s t o r e d  i n  P(1).  

P a t t e r n  Inpu t  from S p e c i a l  Data Cards - -  PATIN 

To read  i n  a p a t t e r n ,  s t o r e d  i n  a deck of t h e  special  column 

b i n a r y  d a t a  ca rds  descr ibed  i n  the previous s e c t i o n ,  set  t h e  

parameters  NXA, NYA and NW ( o r d i n a r i l y  by reading  a h o l l e r i t h  d a t a  

c a r d )  and then  CALL PATIN. The rou t ine ,  PATIN, expec t s  t o  f i n d  t h e  

v a l u e s  of  N U ,  NYA, NW a t  f ixed  loca t ions  i n  FORTRAN common. It  

r e a d s  the  sys tem's  p e r i p h e r a l  input  t a p e  i n  t h e  b ina ry  mode, s t o r i n g  

t h e  con ten t s  of each card  i n  i t s  marked p l ace  i n  t h e  p i c t u r e - s t o r a g e  

array. If N X ,  NY are t h e  word coord ina tes  on a d a t a  ca rd ,  t h e  con ten t s  

of  t h e  card  a r e  s t o r e d  i n  LOC = P - (NX - N U )  - NW (NY - NYA), 

LOC - 1, LQC - 2 and so  on. PATIN cont inues  r ead ing  u n t i l  i t  

encounters  e i t h e r  a s p e c i a l  column b ina ry  card  w i t h  a ze ro  word count 

o r  a h o l l e r i t h  card.  
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NYA 
NYA+l 

Y 

L Words containing 
six 6-bit data 7 

I 
NR 
rows 

NX 

a N W  words 9 

F i g .  1 2  P i c t u r e  l a y o u t  
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Although PATIN g ives  i t s  own d a t a  s e l e c t s  and channel i n s t r u c -  

t i o n s ,  i t  makes use  of t h e  s tandard  FORTRAN l i b r a r y  r o u t i n e  (10s) and 

i s  p rope r ly  i n t e g r a t e d  wi th  normal FORTRAN t a p e  r ead ing  except  f o r  

one SCHA i n s t r u c t i o n  (which can lead t o  t r o u b l e  only  i f  SYSPIT i s  on 

channel B and a bad t a p e  r eco rd  i s  encountered) .  

checking and d a t a  s t o r a g e  wi th  tape  moving so  t h a t  only t h e  latter 

determines time comsumption. 

PATIN ove r l aps  

S ince  t h e r e  i s  no r e s t r i c t i o n  on p a t t e r n  s i z e ,  some p r o t e c t i o n  

i s  necessa ry  so  t h a t  p i c t u r e  d a t a  w i l l  n o t  be r ead  i n  over t h e  program. 

PATIN t a k e s  c a r e  of t h i s  by checking t h e  d a t a  addres ses  a g a i n s t  t h e  

upper l i m i t  of program s t o r a g e ;  i t  expec t s  t h e  s y s t e m  t o  have space  

f o r  t h i s  check remaining i n  t h e  decrement of l o c a t i o n  99. 

P a t t e r n  Output on to  S p e c i a l  Data Cards - -  SPEBN 

A f t e r  an  image has been r e a d  and modified,  i t  may be d e s i r a b l e  t o  

repunch a l l  o r  p a r t  of i t  onto  new d a t a  ca rds  i n  t h e  s p e c i a l  b i n a r y  

format.  

and a FAP-coded subrou t ine ,  SPEBN. I f  t h e  statement CALL SPEBN (LOC, 

NUM, NX, NY) i s  used, t h e  NUM words s t o r e d  a t  LOC, LOC - 1, LOC - 2 , . .  

LOC - N U M +  1 a r e  punched on to  a s p e c i a l  column b ina ry  d a t a  ca rd  w i t h  

t h e  p i c t u r e  l o c a t i o n  NX, NY of t h e  l e f t m o s t  word inc luded .  The NUM 

words must a l l  be on t h e  same l i n e  t o  t h e  r i g h t  of t h e  f i r s t  word. 

Appropr ia te  b ina ry  r eco rds  are w r i t t e n  by SPEBN on t h e  s y s t e m ' s  ou tput  

t a p e ;  t h e  sys t ems ' s  o f f - l i n e  p e r i p h e r a l  program i s  expec ted  t o  t u r n  

t h e s e  i n t o  ca rds .  

T h i s  i s  handled by combination of obvious FORTRAN p r o g r a m i n g  

PICTURE MODIFICATIONS 

Resca l ing  I n t e n s i t i e s  

To g e t  from p o s s i b l e  6 - b i t  raw d a t a  t o  5 - b i t  d a t a ,  t h e  p i c t u r e  

i n t e n s i t i e s  must be r e s c a l e d  t o  the  range  (0,31). To r e t a i n  a scale 

w i t h  more va lue  than  a mere ha lv ing  might g i v e ,  a n  arrangement based 

on t h e  a c t u a l  d i s t r i b u t i o n  of p i c t u r e  i n t e n s i t i e s  has  been adopted. 

Roughly speaking ,  t h e  range  of i n t ens i t i e s ,  i n  each case ,  t h a t  c o n t a i n s  

most of  t h e  d a t a  can be l i n e a r l y  transformed t o  t h e  range  (0,31). The 
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process  i s  n a t u r a l l y  d iv ided  i n t o  two s t a g e s ,  g e t t i n g  t h e  d i s t r i b u -  

t i o n  and doing t h e  s c a l i n g .  

To  determine t h e  d i s t r i b u t i o n ,  w r i t e  CALL DISTRmD), where ND i s  

t h e  name of a n  array of dimension 64 ( i n t e n s i t i e s ) .  

DISTR, sets  N D ( 1 )  - 16384 times ( p r o b a b i l i t y  t h a t  i n t e n s i t y  i s  I-l),  

where I runs from 1 t o  64. It i n c i d e n t a l l y  a l s o  sets up two 

conversion t a b l e s  used f o r  p r i n t i n g  c rude  r e p r e s e n t a t i o n s  o f  t h e  

p i c t u r e  i n  type  symbols; t h e s e  t a b l e s  are a u t o m a t i c a l l y  a d j u s t e d  t o  

d i v i d e  the  d i s t r i b u t i o n  i n t o  two and fou r  approximately e q u a l  p a r t s .  

The r o u t i n e ,  

I n  order  t o  do t h e  s c a l i n g ,  two s i g n i f i c a n c e  parameters ,  NCLB and 

NCLT, must f i r s t  be  set .  

i n t e n s i t i e s  t o  be forced  t o  zero.  NCLT = 16384 - 16384 t i m e s  t h e  

f r a c t i o n  of  h igh  i n t e n s i t i e s  t o  be forced  t o  31. 

then,  has  a n  e f f e c t  t h a t  i s  most e a s i l y  a p p r e c i a t e d  by examining 

F ig .  13. I f  a p i c t u r e  i s  fogged, f o r  exanple ,  t h e r e  may b e  a long, 

i n s i g n i f i c a n t  r e g i o n  a t  t h e  h i g h - i n t e n s i t y  end t h a t  might as w e l l  

a l l  be  se t  t o  31, w h i l e  a t  t h e  low end t h e  fog leve l  might as w e l l  be  

reset  t o  zero.  Of course,  t h e  f a c i l i t y  need n o t  be  u s e d ;  i f  t h e  two 

f r a c t i o n s  mentioned are taken  t o  be z e r o ,  t h e n  t h e  d a t a  w i l l  s imply 

be  d iv ided  by 2 when t h e  r o u t i n e  SCA31 i s  c a l l e d .  

NCLB = 16384 t i m e s  t h e  f r a c t i o n  of low 

W r i t i n g  CALL SCA31, 

Both DISTR and SCA31 make (very s imple)  use of  t h e  conver t  

i n s t r u c t i o n s  t o  save t i m e .  DISTR must b e  c a l l e d  b e f o r e  SCA31. 

Each of t h e s e  r o u t i n e s  uses  about 80 words and a 64-word t a b l e .  

P i c t u r e  Smoothing 

When CALL FILTR i s  w r i t t e n ,  t h e  e n t i r e  p i c t u r e  i s  r e p l a c e d  by a 

new p i c t u r e ,  each p o i n t  of  which i s  a n  average  of fou r  p o i n t s  of  t h e  

o l d  p i c t u r e .  The impulse response of  FILTR i s  
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1 3 3 1  

3 9 9 3  

3 9 9 3  

1 3 3 1  

TO o b t a i n  g r e a t e r  smoothing t h i s  r o u t i n e  i s  simply c a l l e d  as o f t e n  

as des i r ed .  The f i r s t  two i t e r a t i o n s  g i v e  t h e  impulse responses  

1 2 1  
2 4 2  
1 2 1  

1 
16 
- 

and 

Data t o  be opera ted  on must l i e  i n  t h e  range  (0 ,31) ;  t hus  SCA31 must 

be used be fo re  f i l t e r i n g  i f  d a t a  have i n t e n s i t i e s  over 31. 

hand les  da t a  6 a t  a t ime, w i t h  t h e  6 t h  p l a c e  i n  each b i t e ,  o r  c h a r a c t e r ,  

p rovid ing  room f o r  overflow. 

FILTR 

FILTR occupies about  60 words of s t o r a g e .  
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